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The main objective of this research is to numerically model features in the cathode 
catalyst layer of a proton exchange membrane fuel cell that have been recently 
discovered but that have not been incorporated in existing models. These features are 
included in the new Nanofiber Model. In addition to this, two proton exchange membrane 
fuel cell models, the Planar Cathode Catalyst Layer Model and the Ideal Fiber Model, 
were developed to evaluate alternate model geometries.  
 
The cathode catalyst layer in a proton exchange membrane fuel cell is now known to 
contain ionomer nanofibers and experiments have demonstrated a fuel cell performance 
increase of ca. 10% due to those nanofibers. Experiments demonstrate that ionomer 
nanofibers have proton conductivities that exceed those of the bulk form of the ionomer 
by more than an order of magnitude. A new model, the Nanofiber Model, is presented 
here that predicts the effect of nanofibers on fuel cell performance in terms of the 
enhanced nanofiber proton conductivity and other relevant variables. The model peak cell 
power density is ca. 7% greater for the case with 10% of the cathode catalyst layer 
ionomer in nanofiber form versus the same case without nanofibers. This difference is 
consistent with trends observed in previously published experimental results. These 
results are significant as they suggest alternative methods to optimize performance and 
reduce platinum utilization.  
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Chapter 1. Introduction 
 
1.1 Importance of Fuel Cell Technology 
 
Proton exchange membrane fuel cells (PEMFC) utilize fuels other than liquid 
hydrocarbons for transportation. In 2004, the total energy consumption worldwide was 
about 14 terawatts and about 37% of that was based on oil [5] . World energy 
consumption is projected to increase by 53% from 2008 to 2035 [6]. The total energy 
consumption of the industrial sector exceeds that of the transportation sector but 
transportation consumed 54% of liquid fuels in 2008 and that percentage is projected to 
increase to 60% in 2035 [6]. Improved sources of energy for transportation, energy 
storage, and other applications will be needed to reduce economic, environmental, and 
security problems. Hydrogen is an efficient medium for storing energy and it is used as a 
transportation fuel in PEMFC vehicles. Hydrogen can be produced from sources that 
generate excess power during periods of low demand including solar, wind, geothermal, 
nuclear fission, and coal. In these cases it stores and utilizes energy that would otherwise 
be wasted. Studies indicate that oil production for transportation fuel cannot be 
significantly increased because of depletion of reserves and environmental concerns [5]. 
Although there are recent reports [7] of very large increases in oil production in the 
United States, the long term trend is a supply shortfall [5]. The use of hydrogen in 
PEMFCs for transportation can dramatically alter the worldwide automotive and energy 
industries and economy. Hydrogen is an environmentally friendly fuel at the point of use 
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and may be produced from environmentally acceptable sources (solar, wind, geothermal, 
natural gas). 
 
PEMFCs convert fuel into power two to three times more efficiently than an internal 
combustion engine [8]. About 50% of fuel consumption in a PEMFC is converted to 
usable energy. The remainder is converted to waste heat with about 80% of that occurring 
in the cathode catalyst layer [9]. Therefore, the cathode catalyst layer (CCL) is the 
location of the primary opportunity for fuel cell improvement and is the focus of this 
thesis.  
 
1.2 Proton Exchange Membrane Fuel Cell (PEMFC) Background 
 
Proton exchange membrane fuel cells (PEMFCs) are power sources that convert 
hydrogen and oxygen directly into electrical energy. These fuel cells are also called 
polyelectrolyte fuel cells (also PEMFCs). Other fuel cell designs, such as the direct 
methanol fuel cell, alkaline fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell, 
and solid oxide fuel cell fuel cell, are not considered here. The ionomer Nafion
®
, 
invented in the 1960s, is used to conduct protons in both the membrane and catalyst 
layers [10]. Although many other ionomers have been synthesized over the years, 
Nafion
®
 is still a standard in PEMFCs due to its robust properties and high water-
saturated proton conductivity [8].  
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In the late 1980s, Srinivasan and coworkers discovered a tenfold increase in PEMFC 
performance when Nafion
®
 is used not only in the membrane separating the electrodes 
but also within the catalyst layer of the electrodes [11]. In the anode and cathode of a 
PEMFC, the reactants come together at the so-called “triple phase boundary” (TPB), i.e., 
the region where (1) catalytic and electron conducting sites, (2) reactant gases, and (3) 
proton conducting ionomer meet. Incorporating ionomer in the electrodes produced a 
more optimized TPB, much higher performance and a lower amount of catalyst required.  
 
In the early 1990s, Wilson and Gottesfeld demonstrated that the amount of platinum 
needed per kW could be reduced even further by dispersing platinum nanoparticles on 
carbon supports within the catalyst layer [12]. The smaller particle size resulted in a 
greater available platinum catalyst surface area. The platinum group metal loading value 
attained in 2011 was 0.15 mg/cm
2
 at 0.19 g/KW [13] and the mass activity value attained 
was 0.24 A/mgPt (basis of activity is 0.9V, 100%RH, 80°C, 150 kPa (1.5 atm) H2/O2) 
[13]. Despite these improvements, the economics of PEMFC-based transportation are still 
thought inadequate for large-scale implementation. Further improvements to 0.125 
mg/cm
2
 platinum loading at 0.125 g/kW platinum usage are considered necessary [13]. 
The cathode catalyst layer (CCL) is the rate limiting part of the PEMFC, therefore 
enhancements to the cathode catalysts and the CCL have been under intense investigation 
[14-17].  
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1.3 Overview of a PEMFC 
 
Operation of a PEMFC involves electrochemical reactions at the anode and cathode, 
conduction of charged particles, and various types of diffusion. A PEMFC as shown in 
Figure 1.1 consists of seven components: (1) anode channel/flow plate, (2) anode gas 
diffusion layer (GDL), (3) anode catalyst layer (ACL), (4) membrane, (5) cathode 
catalyst layer (CCL), (6) cathode gas diffusion layer (GDL), and (7) cathode 
channel/flow plate. A circuit (current-voltage) model may be used to predict performance 
of the overall PEMFC and detailed transport and kinetic models may be used to predict 
the current-voltage relationships within the CCL, ACL and other layers of the PEMFC. 
Due to the larger magnitude of the losses within the CCL of a contemporary PEMFC and 
the complexity of the mechanisms there, the CCL dominates overall performance and is 
most important component of a model. Furthermore within the contemporary CCL, an 
agglomerate sub-model is needed to predict how the geometry of the agglomerates affects 
performance.  
 
The hydrogen oxidation reaction (HOR, equation 1.1) occurs in the ACL and the 
oxidation reduction reaction (ORR, equation 1.2) occurs in the CCL:   
 
2 2 2H H e
       25 0.0oU C V      (1.1)  
2 2
1
2 2
2
O H e H O       25 1.229oU C V      (1.2) 
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Figure 1.1 Diagram of polyelectrolyte membrane fuel cell (PEMFC) showing 
components and fluxes. 
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Figure 1.2 Diagram of CCL of PEMFC showing schematics and scanning electron 
micrographs (SEM) and transmission electron micrographs (TEM) of Nafion nanofibers, 
agglomerates, and other components. SEM and TEM images from references [1] and [2], 
respectively. 
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These two reactions create the voltage driving force for the entire fuel cell electrical 
circuit. The current of the fuel cell is equal to the flow of electrons through the external 
circuit and also equal to the flow of protons through the membrane. U
o
 is the half-cell 
potential for the reactions in aqueous solutions at 25°C and standard state. The energy 
released by these two reactions is converted to the energy available in the fuel cell circuit 
and to some waste heat. Schematics of a PEMFC, its components, and its fluxes during 
operation are displayed on Figures 1.1 and 1.2. The next section briefly discusses each of 
the components of the PEMFC and the mechanisms, which are active in those 
components. 
 
1.4 Components in a PEMFC 
 
1.4.1 Anode Channel/Flow Plate 
 
The flow plates are electrically conductive materials with alternating sections of solid 
material (called the lands) and open channels. The anode channels allow hydrogen gas to 
flow in contact with and across the anode GDL. The solid land sections allow electron 
conduction between the external circuit and conductive part of the GDL. There is a minor 
voltage loss as electron current passes across the contact gap between the land sections 
and anode GDL. 
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1.4.2 Anode Gas Diffusion Layer (GDL) 
 
Hydrogen gas is transported across the anode GDL from the anode channel to the anode 
catalyst layer (ACL), but the hydrogen concentration is approximately constant because 
of hydrogen’s high concentration. Electrons conduct across the GDL to the anode flow 
plate because of a voltage gradient but the electrical conductivity of the GDL is high 
enough that the gradient is very low. The GDL contains carbon cloth or paper that allows 
electron current. Electron current also passes across the contact gap between the GDL 
and ACL and this causes a voltage loss. 
 
1.4.3 Anode Catalyst Layer (ACL) 
 
The performance of the ACL is controlled by HOR kinetics and proton conduction. 
Hydrogen reacts at the platinum-ionomer interface to generate protons and electrons, 
equation (1.1). Protons conduct across the ACL from the catalyst surface within the ACL 
to the membrane. Proton conduction only occurs within the ionomer portion of the ACL. 
Electron conduction and hydrogen diffusion occur in the ACL, but the associated 
gradients in voltage and concentration are very small. Electrons conduct across the ACL 
from the catalyst surface within the ACL to the anode GDL, but the conductivity of the 
platinum-carbon portion of the ACL is high enough that the potential of the platinum-
carbon phase is effectively constant. The gas phase in the anode catalyst layer is a 
mixture of hydrogen and water vapor only. The water vapor concentration is limited to a 
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small value because of condensation. Hydrogen gas is transported across the ACL to the 
catalytic surface. 
 
1.4.4 Membrane 
 
Protons conduct across the membrane due to a voltage gradient [14, 18-22], but the 
membrane prevents electron conduction. The ionomer in the membrane does not have 
free electrons that would allow electron conduction and it has a chemically resistive 
Teflon
®
-like polymer backbone. 
 
1.4.5 Cathode Catalyst Layer (CCL) 
 
The performance of the CCL is controlled by ORR kinetics, proton conduction, and 
diffusion within the gas and ionomer. Protons conduct through the ionomer fraction of 
the CCL from the membrane to the catalyst surfaces. Multicomponent gas diffusion of 
oxygen, nitrogen, and water vapor occurs in the CCL and there are molecular collisions 
with the pore walls that influence the diffusion. Water exists in one of three phases (1) 
water absorbed in the ionomer (where water is generated), (2) water in the gas phase, and 
(3) water in liquid form. The transport of water occurs between these three phases. 
Oxygen diffuses into and across the gas within the CCL from the cathode GDL and water 
tends to flow or diffuse from the CCL to the cathode GDL. Oxygen also diffuses through 
ionomer to reach the reaction sites. The conductivity of the platinum-carbon portion of 
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the CCL is high enough that the potential of the platinum-carbon phase is nearly constant 
across the CCL. ORR kinetics and diffusion of oxygen occurs within the agglomerates. 
 
1.4.6 Agglomerates 
 
Agglomerates are a collection of small carbon-supported platinum particles and ionomer 
as depicted in Figure 1.2. Oxygen diffuses through the gas film surrounding the 
agglomerates and then diffuses through the ionomer content to the platinum surface. 
Oxygen is consumed in the ORR at the platinum surface. The cathode triple phase 
boundary (TPB) is located within the agglomerates and it is the location where electrons 
from the platinum, protons from the ionomer, and oxygen from the gas come together and 
react in the ORR. 
 
1.4.7 Cathode Gas Diffusion Layer (GDL) 
 
Two important mechanisms are specifically associated with the cathode gas diffusion 
layer (GDL) component of the PEMFC: mass transfer of oxygen and of water. Oxygen 
gas is transported across the cathode GDL from the cathode channel to the CCL. The 
transport of water across the cathode GDL occurs in both liquid and vapor form from the 
CCL to the cathode channel. Electrons conduct across the GDL to the CCL because of a 
voltage gradient but the electrical conductivity of the GDL is high enough that the 
gradient is very low. The GDL contains carbon cloth or paper that allows electron 
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current. Electron current also passes across the contact gap between the cathode GDL and 
CCL and this causes a voltage loss. 
 
1.4.8 Cathode Channel/Flow Plate 
 
The cathode channels allow air to flow in contact with and across the cathode GDL. The 
solid land sections allow electron conduction between the external circuit and conductive 
part of the GDL. There is a voltage loss as electron current passes across the contact gap 
between the land sections and cathode GDL. 
 
1.5 PEMFC Modeling Background 
 
Mathematical modeling of fuel cells is necessary for system design and optimization and 
modeling assists with research. Some important properties of the operating PEMFC 
cannot be studied experimentally including the voltage distribution within the catalyst 
layer, the volume change of catalyst layer phases (swelling), and an accurate water phase 
distribution within the catalyst layer. Many authors present models to predict and 
optimize PEMFC performance [22-25]. The following paragraphs summarize published 
models that are predictive and apply to state-of-the-art PEMFCs. Due to the non-linear 
nature of these models, practically all PEMFC models are numerical. However, in 1998, 
Eikerling and Kornyshev presented several analytical solutions that were simplifications 
of a macro-homogeneous model for certain limiting conditions including low current, fast 
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diffusion, and others [26].  This model did not account for the heterogeneous multi-phase 
geometry. 
 
Agglomerate models of the catalyst layer have been used since 1997 [18]. In an 
agglomerate model, the CCL is filled with agglomerates and there is gas/void space 
between agglomerates. An agglomerate is a collection of carbon supported platinum 
particles and ionomer. Broka and Ekdunge showed that an agglomerate model compared 
more favorably with experimental results than a pseudo-homogeneous model [18]. 
Agglomerates have been observed and characterized by scanning electron microscopy 
(SEM) [18]. Typical agglomerate diameters are about 0.5 to 2.0 µm and the spaces within 
agglomerates are filled with ionomer. Gode et al.
 
[27] used impedance spectroscopy, 
polarization curves, and a dynamic agglomerate model to demonstrate that the 
agglomerate assumption breaks down at ionomer contents above 45% due to a loss of gas 
phase percolation between agglomerates; oxygen transport across the CCL is too slow to 
be described by the gas diffusion sub-model. The diffusion mechanism in the gaseous 
pores was blocked by ionomer. Models have been used to determine the optimum void 
and ionomer content in the cathode catalyst layer and have demonstrated that lower 
amounts of platinum may be used in the anode [28, 29] (e.g., 25% or less). Models show 
that performance can be increased by varying the ionomer content in the catalyst layer as 
a function of distance from the membrane [19]. Because of the complicated agglomerate 
geometry, the pathways for transport of protons, gas and water are highly tortuous. Most 
models [28, 30-32] apply the Bruggemann correlation or similar correlations to predict 
how gas diffusion and proton conduction are affected by tortuosity due to 
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nonparticipating dispersed phases. Such methods are much simpler than accurately 
solving the transport equations for agglomerate heterogeneous geometry.  
 
The flux of water due to proton transport, independent of other driving forces, is labeled 
electro-osmotic flow. Direct experimental data that demonstrates electro-osmotic flow in 
a fuel cell could not be located. Results by Chia demonstrate that electro-osmotic flow is 
not important in the PEM fuel cell at currents less than 1.0 A/cm
2
 [33]. However, the 
driving forces associated with electro-osmotic flow are considered important by others 
[30, 34-37]. Colinart et al. [38] presents a theoretical study of individual straight 
cylindrical pores that includes the Poisson–Boltzmann method, that relaxes the 
electroneutrality assumption and that estimates coefficients of electro-osmotic drag. This 
study does not necessarily apply to the actual PEMFC geometry and does not clearly 
prove an electro-osmotic effect on voltage losses. Although electro-osmotic flow in the 
ionomer membrane is included in these studies there is no indication that it is important 
in the catalyst layer ionomer, which is the focus of this study. 
 
1.6 Catalyst Layer Nanofibers and their Unexplained Effects 
 
Recent results by Snyder and Elabd have revealed the presence of Nafion
®
 nanofibers in 
the CCL of PEMFCs via post mortem (after fuel cell experiments) microscopy, where 
they have quantified ca. 10% increase in PEMFC performance due to these Nafion
®
 
nanofibers [39]. Other work by Elabd and coworkers has shown that the proton 
conductivity of single Nafion
®
 nanofibers with diameters ca. 400 nm in size were an 
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order of magnitude higher than Nafion
®
 membranes [40]. Existing PEMFC models do 
not account for the presence of ionomer nanofibers in the CCL, their high conductivities, 
or the improved performance due to nanofibers.  
 
1.7 Catalyst Layer Water Distribution and its Importance 
 
The presence and transport of water within the CCL has a strong influence over PEMFC 
behavior. The CCL pore geometry is very irregular and the effective pore radii are 
generally smaller than 50 nanometers. The three phases in the CCL that contain water are 
the gas phase, the liquid water, and the ionomer. Excess liquid water will cause flooding 
and prevent gas diffusion; insufficient water vapor will dry out the ionomer and restrict 
proton conduction. There is a motivation for an improved means of modeling water 
quantity, distribution, and transport in the CCL because of the overly simple assumptions 
used in other modeling studies. Other published models have assumed one constant pore 
wall contact angle in the CCL [41, 42], two specific pore sizes in the CCL [42], or an 
empirical equation that gives capillary pressure from saturation [30, 43, 44]. Realistic 
pore size distributions are not used as inputs in existing PEMFC models. High-resolution 
neutron imaging has been used to qualitatively (but not quantitatively) analyze the water 
profile within the GDL of PEMFCs [45] but the GDLs have much larger thicknesses and 
pore sizes than the CCL. The experimental means to determine the amount of liquid 
water at each location in the CCL is limited and that information is important. Therefore, 
it is desirable to address the water quantity with numerical modeling. 
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1.8 Other Unresolved Catalyst Layer Effects 
 
Existing CCL models do not account for the ionomer volume increase that occurs as 
ionomer absorbs water due to a water activity increase. The importance of ionomer 
swelling in the membrane was described in a paper by Weber and Newman [46] but not 
applied to PEMFC voltage effects. Ionomer swelling affects practically every mechanism 
in the CCL and none of those swelling influences are included in other PEMFC models.  
 
1.9 Necessity of Additional Modeling Work 
 
Additional hydrogen fuel cell modeling work is desirable to explain the science behind 
new experimental data as it becomes available. One example of this is the nanofiber data 
discussed above. Work by Benziger et al. [47] listed dynamic water content effects 
including changes in cell proton current resistance of over 10,000 times. These transient 
effects are also not reflected in existing models. Existing PEMFC models are focused on 
optimizing or predicting the behavior of state-of-the-art fuel cells. Models may also be 
developed to evaluate conceptually new fuel cell designs. Although these efforts are rare, 
they have occurred [48]. 
 
1.10 Objectives 
 
One goal of this research is to develop a new PEMFC model that implements several key 
mechanisms that have been shown to affect fuel cell performance based on recent 
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experiments. In particular, the effects of nanofibers and ionomer swelling in the CCL on 
PEMFC performance are included for the first time in the models in this thesis. These 
effects cannot be directly studied experimentally. The Nanofiber Fiber Model was 
developed to achieve this and is described in chapter 2. A second goal of this research is 
to develop and evaluate a less complicated model that describes PEMFC operation. The 
minimum number of mechanisms was combined with the simplest possible geometry to 
do this. The Planar Cathode Catalyst Layer PEMFC Model was developed to achieve this 
and is described in chapter 3. A third goal of this research is to use numerical modeling to 
investigate a fundamentally new PEMFC design in order to propose improvements. The 
Ideal Fiber Model was developed to achieve this and is described in chapter 4. The 
strengths, weaknesses, and applicability of the three models are discussed in chapter 5. 
The final conclusions and suggestions for future work are given in chapter 6. 
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Chapter 2. Nanofiber Model for the Proton Exchange Membrane Fuel Cell 
 
2.1 Introduction 
 
The Nanofiber Model for the PEMFC was developed to describe and predict the behavior 
of state-of-the-art or contemporary PEMFCs while also incorporating known effects not 
modeled elsewhere. This model accounts for the influence of ionomer nanofibers 
discussed in section 1.6. The model accounts for swelling of the ionomer as it absorbs 
water, which affects almost every mechanism in the CCL. These two effects are known 
[39, 46] but not modeled by others. The presence and transport of water in the CCL is 
modeled uniquely in the Nanofiber Model through the use of CCL water phase 
equilibrium and estimation of rates. An effort was also made here to develop a 
comprehensive model that incorporates mechanisms that are described by others. These 
additional mechanisms are multi-component gas diffusion with all three gas components, 
Knudsen diffusion for pore wall effects, and mass transfer through the gas film 
surrounding the agglomerates. The CCL pressure variation was included to balance the 
molecular momentum change due to pore wall-gas collisions. The Nanofiber Model was 
developed to evaluate the importance of fundamental effects with an emphasis on the 
CCL because the CCL is the location of most of the inefficiency in a PEMFC. 
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2.2 Model Characteristics 
 
The Nanofiber Model is a one dimensional, steady state numerical model that predicts 
PEMFC voltage as a function of cell current density. Two and three dimensional effects 
are not included here because these are not fundamental effects but an extension of the 
basic model to additional space. Also, the inclusion of swelling is numerically intensive 
and not appropriate for a multi-dimensional model. In the transportation application 
envisioned for PEMFCs, there will be batteries and capacitors for energy storage [49, 50] 
that will increase the importance of steady-state optimum performance and reduce the 
importance of dynamic behavior. Because the CCL operates isothermally [51], the model 
is also isothermal. The derivation of the model is presented in this section. 
 
2.3 Voltage Profiles in the Proton Exchange Membrane Fuel Cell (PEMFC) 
 
Figure 2.1 is a schematic of a PEMFC that conceptually demonstrates the voltage 
gradients in an operating PEMFC. Positively charged protons conduct down a voltage 
gradient in the ionomer at every location in the ACL, membrane, and CCL as shown by 
dotted arrows. Negatively charged electrons conduct up a voltage gradient at every 
location in the PEMFC except the membrane where there is no electron conduction. 
Electron flux is shown by solid arrows in the upper part of the diagram. These voltage 
gradients are losses due to ohmic resistance and they reduce the cell voltage. The proton 
conducting phase and electron conducting phase are electrically isolated so that charged 
particles cannot travel from one phase to the other to equalize voltages. At the effective 
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Figure 2.1 Schematic showing voltage profiles and electron and proton fluxes in a 
polyelectrolyte membrane fuel cell (PEMFC). 
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platinum surface within each catalyst layer, the electrochemical reaction occurring sets 
the voltage difference between the two phases. The surface overpotential ( ) is defined 
by Equation (2.1) and it is the voltage driving force for electrochemical reactions [52].  
 
      (2.1) 
 
The potentials in the electron and proton conducting phases are  and , 
respectively.  is the half-cell potential for the hydrogen oxidation reaction (HOR) or 
oxygen reduction reaction (ORR).  is constant and  is approximately constant. 
 
The kinetics of the ORR and HOR are described by the Butler Volmer Equation [52].  
 
     (2.2) 
 
 and  are the current density and the exchange current density at the effective catalyst 
surface, respectively.  and  are transfer coefficients for the anodic and cathodic 
reactions, respectively. Faraday’s constant, the gas law constant, and the absolute 
temperature are F, R, and T, respectively. Equations (2.1) and (2.2) apply to both the 
HOR (in ACL) and ORR (in CCL), but all the parameter values for the HOR are different 
than those for the ORR.  
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The overall fuel cell voltage is calculated by substituting the overpotential definition for 
the voltage difference between phases at each membrane interface and summing each 
voltage change in the entire circuit:  
 
     (2.3)
 
 
 is the PEMFC voltage as listed in polarization curves. The open circuit voltage, , 
is set equal to  for the ORR minus  for the HOR. Contact resistance voltages 
losses due to the four GDL interfaces are included in . The voltage loss within the 
membrane is .  and  are the overpotentials at the membrane interface with 
the ACL and CCL, respectively. In the CCL the overpotential is negative. Every term on 
the right hand side of Equation (2.3) is a voltage loss except for the open circuit voltage. 
As schematically displayed in Figure 2.1, the open circuit voltage is the electromotive 
force for the entire circuit. When the electron current is zero, the cell voltage is equal to 
the open cell voltage because there are no ohmic losses due to conduction, no 
concentration gradients due to diffusion, and no overpotential losses due to a net reaction 
rate. Fuel cell voltage losses due to electron current are negligible and do not appear in 
Equation (2.3) except for the contact loss term. Oxygen diffusion resistance reduces cell 
voltage due to its effect on open circuit voltage and exchange current density. A large 
oxygen concentration results in a greater exchange current density and that causes a 
smaller overpotential as expressed in Equation 2.2. 
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2.4 Voltage Effects Outside CCL 
 
The calculation of ocV , 
ACL , conV , and memV  is described in Appendix A and B. The 
overpotential in the cathode 
L  is large and is the main focus of this thesis and the model 
to determine this value is described below. 
 
2.5 Cathode Catalyst Layer (CCL) Voltage Loss Calculation in Nanofiber Model 
 
The magnitude of voltage losses in the CCL is generally much greater than the other 
losses listed in Equation (2.3) for the cell voltage. For this reason, quantifying the losses 
in the CCL is more important than quantifying the losses in other PEMFC components. 
The mechanisms within the CCL, which contribute to those losses, include 
electrochemical reaction, proton conduction, diffusion, and phase equilibrium. The CCL 
consists of four phases: catalyst, ionomer, liquid water, and gas (as depicted in Figure 
1.2). The catalyst, ionomer, and gas phases are continuous across the CCL. The 
agglomerates contain all of the catalyst, and ionomer is distributed between agglomerates 
and fibers. The CCL Nanofiber Model consists of constitutive equations and conservation 
equations that describe proton transport in the ionomer, oxygen, nitrogen, and water 
vapor transport in the gas phase, water phase equilibrium, and diffusion and reaction of 
oxygen in the agglomerates. 
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2.5.1 Conservation Equations in the CCL 
 
Conservation of protons within the CCL relates the proton flux to the rate of the ORR:  
 
     (2.4) 
 
In this equation,  is the superficial proton flux (per unit cross-sectional area of CCL), 
but the actual proton transport occurs in the ionomer phase. The consumption of protons 
by the ORR results in gradients in . The rate of the ORR is  based on the reaction 
Equation (1.2) and two protons are consumed for every mole of reaction of the ORR. The 
rate of the ORR is a volume-averaged rate based on the agglomerate model presented in 
the section 2.5.4. 
 
The flux of protons through the GDL is zero, so the proton flux at the CCL-GDL 
interface is zero: 
 
      (2.5) 
 
Conservation of oxygen within the CCL relates the oxygen flux to the rate of the ORR:  
 
     (2.6) 
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This one-dimensional equation is derived by assuming that gradients of  and  
parallel to the membrane are small. Consumption of oxygen leads to gradients in the z 
direction.  is the superficial flux of oxygen, but the actual transport occurs in the gas 
phase.  
 
The membrane material is assumed to be impervious to oxygen crossover so the oxygen 
flux at the CCL-membrane interface is set equal to zero. 
 
      (2.7) 
 
Conservation of water vapor within the CCL relates the water vapor flux to the rate of 
water generated by the ORR that enters the gas phase:  
 
     (2.8) 
 
The generation of water by reaction leads to gradients in the z direction because a 
fraction of that water evaporates into the gas (  ).  is the superficial flux of water 
vapor, but the actual transport occurs in the gas phase. The coefficients in front of the 
 term in Equations (2.4), (2.6), and (2.8) reflect the stoichiometry given by the ORR 
Equation (1.2).  
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The membrane may allow some flux of water vapor at the CCL-membrane interface 
based on a concentration driving force toward the anode. A flux of water from the 
membrane as water molecules are dragged along with protons is labeled electro-osmotic 
drag. The electro-osmotic drag mechanism is also added to Equation (2.9) to make the 
model more general. Equation (2.9) is a boundary condition on the water vapor 
conservation Equation (2.8).  
 
   (2.9) 
 
The parameter  is an electro-osmotic drag coefficient that represents the number of 
water molecules that enter the CCL gas phase for each proton that enters the CCL. There 
have been studies indicating that there is a net water flux from the anode to the cathode 
because of the electro-osmotic drag mechanism [36, 53, 54]. There has also been research 
indicating that at currents below 1.0 A/cm
2
 there is a net water flux from the cathode to 
the anode [33]. This water flux boundary condition with a mass transfer coefficient  
and concentration driving force was investigated at the CCL-membrane interface using a 
wide range of mass transfer coefficients. As shown in the results section, this variation 
had no effect on the overall cell performance. C is the total gas concentration and  is 
the water vapor mole fraction in the gas phase. 
 
2.5.2 Proton Transport in the CCL 
 
Protons conduct through the CCL due to the electric potential gradient. Because of the 
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multiphase geometry, tortuosities are applied to account for the greater conduction path 
length due to nonparticipating phases. Due to electroneutrality there are no significant 
gradients in proton concentration. 
 
In this CCL model, the ionomer is present in two forms: (1) dispersed in agglomerates 
containing carbon platinum particles and (2) contained in nanofibers that span between 
many agglomerates and provide an additional pathway for proton conduction. 
 
      (2.10) 
 
 and  are the flux of protons through ionomer dispersed throughout the CCL 
within the agglomerates and the flux of protons through the remaining ionomer in the 
CCL in nanofiber form [39], respectively. The flux of protons by each of these paths is 
based on Ohm’s Law and effective proton conductivities. 
 
   (2.11) 
 
The total volume fraction of ionomer in the CCL is . The fraction of ionomer in the 
CCL in fiber-form is given by the parameter . The proton conductivity within the 
ionomer fibers is given by  and is greater than the dispersed ionomer conductivity, 
, as demonstrated by experiment [40]. The tortuosity of the nanofiber and dispersed 
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agglomerate conduction pathway are  and , respectively. The tortuosities in 
Equation (2.11) are estimated to obtain Equation (2.12). 
 
 (2.12) 
 
The tortuosity for nanofiber conduction is  = 2 and was determined by averaging the 
reciprocal of the length of randomly oriented lines between parallel plates and was 
supported by observation of experimental electron microscopy images. The Bruggemann 
correlation predicts the tortuosity, , through the dispersed 
agglomerate ionomer pathway exclusively [28, 30-32, 55]. The gradient of the 
overpotential is the negative of the gradient of the ionomer potential as indicated by the 
derivative of Equation (2.1) and the term on the right of Equation (2.12). 
 
Equation (2.13) is the boundary condition for proton transport in Equation (2.12).  
 
     (2.13) 
 
A complete PEMFC performance curve may be calculated by solving the model 
equations for several values of , the overpotential at the CCL-membrane interface. 
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A correlation for  was developed by fitting actual experimental data for nanofiber 
proton conductivity at 30 °C and adding an approximate factor for the temperature 
dependence [40]. 
 
 (2.14) 
 
Nanofiber diameter is  (μm) and  is water activity. Sample values for  at 
 and 80 °C are 9.87 and 0.95 S/cm for Nafion fiber diameters of 0.05 and 1.0 
μm, respectively, versus 0.088 S/cm for bulk Nafion conductivity,  [56]. 
 
Because the nanofiber proton conductivity must equal the bulk proton conductivity for 
large fiber diameters ( > 1 μm), the functional form was selected to reflect this. Several 
such trial functional forms were applied to the data and the most successful form was 
. A plot of the actual nanofiber proton conductivity data and the 
final conductivity correlation versus fiber diameter at a temperature of 30 °C and water 
activity of 0.90 is given in Figure 2.2. 
 
Because the bulk Nafion proton conductivity has an exponential dependence on water 
activity, an exponential form was also used for the Nafion nanofiber dependence [56]. A 
plot of the nanofiber proton conductivity data and correlation versus water activity at a 
temperature of 30 °C and diameter of 0.60 μm is given in Figure 2.3. The data used here 
came from experimental work by Dong and co-workers [40].  
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Figure 2.2 Plot of nanofiber proton conductivity data and the new nanofiber proton 
conductivity correlation versus nanofiber diameter. Water activity and temperature are 
0.9 and 30°C. 
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Figure 2.3 Plot of nanofiber proton conductivity data and the new nanofiber proton 
conductivity correlation versus water activity. Nanofiber diameter and temperature are 
0.60 μm  and 30°C. 
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2.5.3 Oxygen, Nitrogen, and Water Vapor Transport in the CCL 
 
The one dimensional Stefan-Maxwell Equations for diffusion in a three-component gas 
with pore wall resistance relate the fluxes of oxygen and water vapor to gradients in 
composition and pressure. The driving force of the partial pressure gradient is balanced 
by the opposing frictional force due to differences in molecular fluxes. The frame of 
reference for all these fluxes is the stationary pore walls. These are the constitutive 
equations for gas phase transport and they are coupled to the balance Equations (2.6) and 
(2.8). 
 
  (2.15) 
 
  (2.16) 
 
The superficial flux of nitrogen in the gas phase is zero and  is the mole 
fraction of nitrogen. The  terms are effective binary gas diffusivities and the  
terms are effective Knudsen diffusivities. 
 
The calculations that determine the mean gas pore diameter and the standard deviation of 
the gas pore diameters in the CCL are described in Appendix D. This information 
together with a correlation described and developed by Abbasi, Evans, and Abramson 
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[57] was used to determine the effective Knudsen diffusivities. The effective ordinary gas 
diffusivities were determined from an empirical fit of the data in that same reference [57]. 
The Knudsen terms in Equations (2.15) and (2.16) are insignificant if  is much larger 
than the ordinary gas diffusivities. This would occur if the mean free path of the gas 
molecules is much smaller than the pore diameters. For the case, where 10% of the 
ionomer is in nanofiber form (i.e., our base case) at 1.0 A/cm
2
 cell current and z = 0.5Lc, 
the  and  diffusivities are 0.0036 cm
2
/s and 0.0160 cm
2
/s, respectively. The large 
Knudsen diffusivities in the denominators in Equations (2.15) and (2.16) reduce the 
importance of those terms. 
 
There is no significant gas convection in this model; the Peclet number is 0.01 for the 
base case scenario. The Peclet number equals the fluid velocity divided by a 
characteristic velocity of diffusion ( ).  
 
The flux of oxygen and water vapor from the CCL-GDL interface through the GDL and 
into the cathode channel are assumed to be proportional to a concentration difference 
multiplied by a mass transfer coefficient. 
 
     (2.17) 
 
    (2.18) 
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Equations (2.17) and (2.18) are boundary conditions for Equations (2.15) and (2.16). The 
total gas concentration and gas phase mole fraction of water vapor and oxygen are C, , 
and , respectively. The  and  values in Equations (2.17) and (2.18) are in the 
cathode channel and at the CCL-GDL interface .  and  are mass transfer 
coefficients for the transport of oxygen and water through the cathode GDL.  
 
Summing Equations (2.15) and (2.16) and a third one for nitrogen gives Equation (2.19).  
 
     (2.19) 
 
The superficial flux of nitrogen, , here equals zero. The following boundary condition 
is used for pressure at the CCL-GDL interface. 
 
      (2.20) 
 
2.5.4 Reaction and Diffusion in the Agglomerates in the CCL 
 
An Agglomerate Model was developed to determine the volume-averaged reaction rate, 
, as a function of  and .  is needed in balance Equations (2.4), (2.6), and 
(2.8). The Nanofiber Model assumes that the CCL is filled with spherical agglomerates of 
equal diameter, which contain all of the catalyst phase and all of the dispersed ionomer. 
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These agglomerate spheres are at a smaller length scale than the CCL, so that throughout 
individual spheres, the overpotential, , the surrounding gas concentration, , and the 
water concentration and ionomer properties are assumed constant. Oxygen is consumed 
by the oxygen reduction reaction as it diffuses into the agglomerates. The kinetics are 
described by the Tafel form of the Butler-Volmer Equation.  
 
       (2.21) 
 
i is the current density at a point on the platinum catalyst and represents the ORR rate. 
The kinetics are first order in oxygen concentration and proton concentration [58]. The 
exchange current density at reference proton concentration, , and reference dissolved 
oxygen concentration, , is . , , and b are available from published 
experiments [59]. The dissolved oxygen concentration is  and the proton 
concentration is . The electron current (ORR rate) increases when the magnitude of 
the overpotential increases. If the oxygen concentration is low, higher overpotential is 
needed to drive the reaction faster to compensate.  
 
Several constant parameters from Equation (2.21) can be combined into a rate constant, 
k: 
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  (2.22) 
 
      (2.23) 
 
The factor  is a swelling parameter, which is the ratio of swollen ionomer volume to 
dry ionomer volume. The quantity of protons within the ionomer in the CCL is fixed by 
electroneutrality so proton concentration only changes due to ionomer volume increase 
(swelling).  is the swelling ratio for the reference exchange current density. The value 
of  is not available in the literature. A value of 1.10 was chosen because it is midway 
between the reference and operating value. 
 
The oxygen reaction rate,  (units of mol/(cm
3
 s)), at each point within an individual 
agglomerate (r < ra) is needed to calculate the moles reacted per agglomerate sphere. 
Because the current density, i, is a reaction rate per unit surface area of platinum particles 
dispersed within agglomerates and  is the reaction rate per unit volume in the 
agglomerates, a conversion between i and  involves several factors as shown in the 
following equation. 
 
  (2.24) 
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   (2.25) 
 
The electrical current density at the platinum catalyst surface in Equation (2.22) divided 
by 4F equals the oxygen reaction rate per platinum surface, i/4F. The oxygen rate per 
platinum surface multiplied by the platinum surface per gram of platinum, Ao, equals the 
oxygen rate per gram of platinum. The oxygen rate per gram of platinum multiplied by 
the grams of platinum per volume of agglomerates ( ) equals 
, where  is positive.  is the milligrams platinum in the CCL per membrane 
area (cm
2
) and  equals the volume fraction of the catalyst phase in the CCL. The rate 
 depends on overpotential and is first order in oxygen concentration. k’ is a rate 
constant on the agglomerate level based on the assumption that  and  are 
approximately constant within each agglomerate.  is the platinum surface per volume 
of CCL. 
 
The radial oxygen concentration profile within agglomerates, , is predicted by a 
steady-state diffusion-reaction model presented in Equations (2.26) to (2.36). The radial 
coordinate for one agglomerate sphere is r. The model is spherically symmetric and the 
radial diffusion of oxygen through the ionomer within the agglomerate is described by 
Fick’s Law: 
 
   310 /Pt o Pt c
g
a A m L
mg
   
 
 310 1Pt c c Im L   
    
A
oR
A
oR Ptm
c
A
oR

ws
Pta
 AoC r
37 
 
     (2.26) 
 
The effective diffusivity of oxygen in the agglomerate is .  is estimated from the 
Bruggemann correlation applied to the agglomerate interior, Equation (2.27), diffusivity 
of bulk ionomer, , and the fraction of the agglomerate volume, which is ionomer.  
 
    (2.27) 
 
Equation (2.26) is solved for the concentration profile by substituting Equation (2.24) and 
 into Equation (2.26): 
 
      (2.28) 
 
This second order differential equation is readily solved for the transformed variable Z 
with the boundary condition Z(r = 0) = 0, which reflects finite concentration at the center 
of the agglomerate. Equation (2.29) is this solution to Equation (2.26) recast in terms of 
concentration.  is a Thiele Modulus, which is a ratio of a characteristic reaction rate to a 
characteristic diffusion rate in a porous sphere. 
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      (2.29) 
 
  (2.30) 
 
 is an integration constant with units of concentration. 
 
The oxygen mass transfer rate through the gas film mass surrounding the agglomerate 
outer surface must equal the oxygen diffusion rate evaluated at the surface. 
 
    (2.31) 
 
Equation (2.31) is the second boundary condition for Equation (2.26). The mass transfer 
coefficient for oxygen diffusion from the bulk CCL gas to the agglomerate surface is  
and the radius of the agglomerate is . A value of  for water vapor was used to 
approximate this value for oxygen [60].  is the partition coefficient for equilibrium 
between oxygen in the ionomer and gas. Solving Equation (2.26) and (2.31) for constant 
Λ results in Equations (2.32) and (2.33). Equation (2.34) is the resulting radial oxygen 
concentration profile within an agglomerate. 
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     (2.32) 
 
     (2.33) 
 
   (2.34) 
 
For a high rate of mass transfer in the film (i.e. large o  and 1
ABi  ), this derivation 
and solution are the same as simple diffusion and first order reaction in spherical catalysts 
[61, 62] with a constant surface concentration. The Biot number defined by Equation 
(2.33) is the ratio of the characteristic rate of oxygen mass transfer in the gas film outside 
the agglomerate to the oxygen diffusion rate inside it. 
 
The quantity of agglomerate spheres per unit volume of CCL, , is determined from the 
volume fraction of catalyst and dispersed ionomer as shown by Equation (2.35).  
 
     (2.35) 
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The consumption of oxygen within one agglomerate sphere may be calculated by 
integrating the rate per volume over the entire volume of the agglomerate sphere. An 
alternate method is used here: the radial flux of oxygen diffusing into the outer 
agglomerate surface is determined and multiplied by the outer surface. The flux is 
calculated from inserting solution (2.34) into Fick’s Law and evaluating it at the outer 
surface (r = ra). The flux multiplied by the surface area of the agglomerate and the 
quantity of agglomerate spheres per volume equals the total reaction rate in terms of the 
oxygen consumption rate per volume ( ):   
 
  (2.36) 
 
 is the volumetric rate of reaction within the CCL and equals the rate of water 
creation from the ORR. The right hand side of this equation contains four factors: (1) 
agglomerate surface area per CCL volume, (2) a characteristic oxygen diffusion velocity, 
(3) the oxygen concentration at the catalyst surface, and (4) a scaled reaction rate. This 
equation is used to determine the rate of reaction in the CCL transport Equations (2.4), 
(2.6), and (2.8). 
 
Equation (2.36) reduces to limiting cases for extreme values of Biot Number or Thiele 
Modulus. If the ORR rate constant equals zero,  equals zero and the reaction rate  
is zero since  equals zero for very small . The reaction rate also equals 
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zero for very small values of Biot Numbers as occurs with zero oxygen transport through 
the gas film outside the agglomerates. For very high , the reaction rate is entirely 
determined by the oxygen mass transfer through the gas film outside the agglomerates: 
 
    (2.37) 
                                    
 
The right hand side of Equation (2.37) equals the flux ( ) multiplied by the 
agglomerate surface per CCL volume. 
 
For very large Biot Number, the reaction rate is: 
 
   (2.38) 
 
 
the factor in parenthesis is the characteristic flux of oxygen diffusion inside the 
agglomerates.  
 
2.5.5 Swelling of Ionomer in the CCL 
 
The ionomer in the CCL swells because of water absorption and this swelling reduces the 
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volume of the gas phase and affects every mechanism in the CCL. Swelling is uniquely 
calculated at every location and every fuel cell current. The calculation of swelling is 
described in Appendix C. 
 
2.5.6 Distribution of Water in the CCL 
 
Oxygen diffusion through the gas phase of the CCL is affected by the tortuosity of the 
gas-filled pores, which is increased by swelling of ionomer and partial saturation of the 
pore-space with liquid water. Saturation, S, is the fraction of CCL void space that is filled 
with liquid water. In this model, the saturation is calculated from published pore-size 
distributions for a CCL, estimates of the surface energy of the pores, and the Kelvin 
Equation for capillary condensation [27, 63]. Previous CCL models are based on 
simplifying assumptions and do not include a multitude of pore sizes as occurs in an 
actual CCL. This calculation is described in Appendix D. 
 
2.5.7 Water Transport Rates and Local Equilibrium in the CCL 
 
Dynamics of water transport within a PEMFC are complicated and have been the subject 
of numerous experimental and theoretical investigations [35, 45, 64]. Within the CCL, 
Water exists in three phases: (1) condensed water in the ionomer, (2) water vapor in the 
pores, and (3) liquid water in the pores. In this study, the transport of water between these 
three phases is modeled by assuming that the phases are in local equilibrium. This 
assumption is based on a comparison of the time scales for water transport through the 
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CCL and time scales of water transport from individual agglomerates. Scaling estimates 
show that water transport at the agglomerate level is much faster than water transport 
across the CCL thickness. Three time scales for water transport are: (1) water vapor 
evaporation from agglomerates or liquid water to gas in pores (0.0042 ms), (2) water 
diffusion through the gas and across the CCL (0.46 ms), and (3) liquid water flow across 
the CCL through the void space (0.091 ms). Because the rate of water convection 
between agglomerates and adjacent gas in the pores (0.0042 ms) is much faster than the 
rate of water vapor transport across the CCL (0.46 ms), the agglomerate water content 
should equilibrate with the adjacent gas phase. The time constant calculations are 
available in Appendix E. 
 
2.5.8 Summary of CCL Nanofiber Model 
 
The eight CCL Nanofiber Model Equations are Equations (2.4), (2.6), (2.8), (2.12), 
(2.15), (2.16), (2.19), and (2.36). These contain seven first order derivatives and the 
seven boundary conditions are Equations (2.5), (2.7), (2.9), (2.13), (2.17), (2.18) and 
(2.20). These equations and boundary conditions are repeated in Table 2.1. The pressure 
at the CCL-GDL interface, Equation (2.20), and the overpotential at the CCL-membrane 
interface, Equation (2.13), are inputs to the calculation that may be selected. The other 
boundary conditions are determined by the physics of the PEMFC. The input values used 
in the PEMFC model were taken from the correlations listed in Table 2.2, and for the 
base case, the representative values are listed in Table 2.3. Tables 2.1, 2.2, 2.3 are located 
at the end of this chapter. 
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2.6 Anode Catalyst Layer (ACL) Voltage Loss Calculation 
 
An independent sub-model was used to calculate the overpotential of the hydrogen 
oxidation reaction (HOR) at the ACL-membrane interface, . Examples of the 
overpotential solution at the ACL/membrane interface are 15.4 mV at 0.5 A/cm
2
, 23.1 
mV at 0.75 A/cm
2
, 30.6 mV at 1.0 A/cm
2
, and 45.2 mV at 1.5 A/cm
2
. The anode results 
were saved as a curve and incorporated into the full PEMFC solution separately. The 
same ACL overpotential ( ) results were used for all polarization curves in the 
Nanofiber Model study. This anode calculation is described in Appendix B. 
  
2.7 Numerical Solution Procedure for CCL Nanofiber Model 
 
A PEMFC polarization or performance curve (cell voltage versus current density) is 
determined from this model as follows. The selection of one value of  enables one 
complete solution of all of the CCL Nanofiber Model Equations. Then the fuel cell 
current is obtained from the proton flux at the CCL-membrane interface, , 
multiplied by Faraday’s constant. All of the other PEMFC voltage losses in Equation 
(2.3) are calculated from the fuel cell current. The open circuit voltage is calculated from 
Equation (A.1) and then the fuel cell voltage is calculated from Equation (2.3). This 
sequence is repeated for several  until a polarization curve of fuel cell voltages and 
currents is obtained.  
 
ACL
ACL
L
 Ip cN z L
L
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The complete Nanofiber Model of the cathode catalyst layer was solved using the 
Galerkin finite element method with Newton iteration. First, the CCL Nanofiber Model 
Equations and boundary conditions were converted to dimensionless form. Then the 
nonlinear system of algebraic equations arising from the Galerkin finite element method 
were solved iteratively using a Jacobian and Newton’s Method until the average of the 
sum of squared residuals was less than 10
-9
. The Jacobian was fully analytical, except that 
it included derivatives of the water equilibrium function, Equation (D.5), which consisted 
of a large lookup table from the preprocessing steps. Because  does not vary much, 
this sensitivity is small and does not affect convergence. The one dimensional domain 
was divided into equally spaced elements and the same quadratic functions were used for 
the basis and weighting functions. For the results here, 96 elements were used and were 
adequate. The model was programmed in MatLab without optimization. The polarization 
curve for the base case consists of twenty one points and each point required a complete 
model solution. A full polarization curve required an average of 32 minutes to calculate 
using a portable computer with a 2.2 GHz Intel Pentium dual-core processor. 
 
2.8 Nanofiber Model Results in the Fuel Cell 
 
The effect of nanofibers in the CCL on overall PEMFC performance was also 
investigated. To accomplish this, the losses throughout the entire fuel cell (Equation 
(2.3)) were calculated. The open circuit voltage ( ) is calculated from the Nernst 
Equation, Equation (A.1), for the base case (with Table 2.3 inputs) at 1.0 A/cm
2
 and is 
1.181 V. At 1.0 A/cm
2
, the voltage losses due to contact and membrane resistance are 
Gf
ocV
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0.100 V and 0.098 V as determined from Equations (A.2) and (A.3). The losses within 
the anode catalyst layer are 0.031 V (see section 2.6). These losses, the CCL loss of 0.422 
V, and the open circuit cell voltage were substituted into Equation (2.3) to calculate the 
PEMFC cell voltage of 0.537 V at 1.00 A/cm
2
. This base case contains 0.4 mg/cm
2
 of 
cathode platinum loading. The channel oxygen concentration used here represents the 
average of the 80% humid air at the inlet and the outlet after 50% of the oxygen has been 
consumed. 
 
2.8.1 Polarization Curves in PEMFC as a function of Nanofiber Content 
 
Fuel cell results (polarization curves) from the Nanofiber Model are shown in Figure 2.4 
for the no nanofiber case (0% fibers), 1% nanofibers case, base case (10% fibers), and 
90% nanofibers case. Voltage performance increases as nanofiber content increases from 
0% to 1% to 10%. However, the 90% fiber case is out of sequence and has lower 
performance than the 10% fiber case. The reduction in Ohmic losses due to 1% or 10% 
nanofibers improves overpotential, which drives the ORR faster. For the 90% fiber case, 
there is a significant reduction in the amount of ionomer in the agglomerates and this 
restricts oxygen diffusion within the agglomerates. The smaller effective oxygen 
diffusivity within the agglomerates reduces the ORR rate due to lower oxygen 
concentration. A plot of the oxygen profile within the agglomerate spheres for the 90% 
nanofiber case shows reduced oxygen content in the central region of the agglomerates 
(data not shown in Figure 2.4). The smaller effective oxygen diffusivity within the 
agglomerates (Equation (2.27)) reduces the ORR rate due to lower oxygen concentration. 
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Figure 2.4 PEMFC performance results as a function of volume fraction of ionomer in 
nanofiber form in the cathode catalyst layer (CCL). Results based on cathode/anode/cell 
temperature of 80°C, pressure of 3.0 atm, Pt loading of 0.4 mg/cm
2
 in cathode and 0.1 
mg/cm
2
 in anode. Other PEMFC conditions listed in Table 2.3. 
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This outweighs the positive effect of ionomer in nanofiber form and results in lower 
performance. The base case peak power exceeds the no fiber case by 7.5%. Previously 
reported post mortem microscopy of the CCL and fuel cell testing indicate that operation 
with high conductivity fibers is a more accurate representation of actual PEMFC behavior 
[39, 40].  
 
The fuel cell power density (voltage times current density in Figure 2.4) is shown in 
Figure 2.5 for the same four cases. Power performance increases as nanofiber content 
increases from 0 to 1 to 10%, but the 90% nanofiber power is lower than the 1% 
nanofiber case. The peak power densities are 0.554, 0.563, and 0.595 W/cm
2
 for the no 
fiber, 1% fiber, and base case (10%), respectively. These numerical results in conjunction 
with recent experimental results provide a better understanding of the actual mechanisms 
within the CCL. Table 2.5 (at and of chapter) lists the fuel cell results for these cases and 
several others that were tested. 
 
Figure 2.6 displays the peak fuel cell power density as the volume fraction of ionomer in 
nanofiber form was varied from 0 to 95%. As the fiber content increased from 0 to 30%, 
the cell peak power increased and then plateaued until 70%, where it then decreased 
thereafter with increasing fiber content. As the quantity of ionomer fiber increases, the 
quantity of ionomer within the agglomerates decreases because the total ionomer amount 
is held constant. As the fiber content increased from 0 to 30%, the power increased due to 
the reduction in ohmic losses in the CCL. The maximum peak power attained was 0.609 
W/cm
2
, which occurred at 50% nanofibers. However, peak power was approximately 
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Figure 2.5 PEMFC power verse cell current density from the Nanofiber Model. The 
model predictions are listed for four values of the percentage of ionomer in nanofiber 
form. Results based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and 
Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other 
PEMFC conditions listed in Table 2.3. 
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Figure 2.6 Peak PEMFC power density as a function of fraction ionomer in nanofiber 
form. Results based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, Pt 
loading of 0.4 mg/cm
2
 in cathode and 0.1 mg/cm
2
 in anode. Other PEMFC conditions 
listed in Table 2.3. 
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constant between 30 and 70% nanofibers indicating that Ohmic losses were insignificant 
compared to other losses in the fuel cell in this range. Oxygen diffusion resistance within 
the agglomerates becomes significant above 70% fiber content since the effective 
diffusivity for oxygen mass transport decreases due to the large fraction of carbon and 
platinum in the agglomerate. In these cases, the oxygen concentration in the agglomerate 
interior is lower and subsequently lowers the ORR rate. The peak power in Figure 2.6 is 
greater than the power in all previous figures because nanofiber contents between 30 and 
70% are listed here. 
 
2.8.2 Polarization Curves in PEMFC as a function of Platinum Content 
 
Figure 2.7 shows Nanofiber Model fuel cell results (polarization curves) as a function of 
platinum loading in the CCL (Figure 2.7A is 10% nanofibers and Figure 2.7B is 0% 
nanofibers) across a range of loadings from 0.025 to 0.4 mg Pt/cm
2
. Greater platinum 
loading increases PEMFC performance. The previous result shown for the base case is 
represented by the curve at a loading of 0.4 mg Pt/cm
2
. A decrease in platinum loading 
reduces performance by decreasing the surface available for the ORR to occur so that 
more overpotential is needed to convert the same amount of oxygen. Platinum loading 
also determines the volume of the catalyst phase since the mass ratio of carbon to 
platinum is constant here at 4:1. For these results, the catalyst layer thickness and the dry 
ionomer phase volume fraction is maintained constant at 25 μm and 0.334, respectively. 
The peak power of the 10% nanofiber case with 0.1 mg/cm
2
 platinum in the CCL exceeds 
the peak power of the 0% nanofiber case with 0.2 mg/cm
2
 platinum in the CCL (0.537  
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Figure 2.7 PEMFC performance as a function of platinum loading in the CCL and 
nanofiber content in CCL: (A) 10% nanofibers and (B) 0% nanofibers. Results based on 
cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and Pt loading of 0.1 
mg/cm
2
 in anode. Other PEMFC conditions listed in Table 2.3. 
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versus 0.529 W/cm
2
). This is a major difference in platinum content. In all cases, PEMFC 
cell voltage decreases at high currents due to gas mass transfer losses and proton current 
resistance. 
 
2.8.3 Polarization Curves in PEMFC as a function of Catalyst Activity 
 
The effect of ORR rate constant k (catalyst activity) and effective surface Ao in the CCL 
on PEMFC performance is shown in Figure 2.8. An increase in either or both of these 
parameters has a strong positive effect on cell voltage across the full range of kAo values 
displayed from 10% of the base value to three orders of magnitude greater than the base 
value  The base case value is kAo = 4.71x10
3
. At zero current, all of the voltage losses 
become zero and the cell voltage equals the open circuit voltage regardless of kAo. For 
the 10 and 0% nanofiber cases, a reduction in CCL platinum effectiveness from kAo = 
4.7x10
5
 to 4.7x10
3
 reduces peak power by 35%. 
 
2.8.4 Polarization Curves in PEMFC as a function of Mass Transfer in CCL 
 
Figure 2.9 displays the fuel cell voltage versus current for several different values of the 
gas mass transfer resistance in the CCL. An arbitrary increase in molecular gas diffusion 
resistance from the base case value ( ) to an order of magnitude greater value ( 0.1 ijD ) 
will decrease the calculated peak power from 595 to 197 mW/cm
2
. This decrease in all of 
the effective gas diffusivities by an order of magnitude is conceivable if the gas diffusion 
paths are filled with liquid water or swollen ionomer. An arbitrary order of magnitude 
ijD
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Figure 2.8 PEMFC performance as a function of the product of effective platinum 
surface ( oA ) and ORR rate constant (k) and nanofiber content in CCL: (A) 10% 
nanofibers and (B) 0% nanofibers. Results based on cathode/anode/cell temperature of 
80°C, pressure of 3.0 atm, and Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and 
cathode. Other PEMFC conditions listed in Table 2.3. 
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Figure 2.9 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for four gas diffusion CCL 
mass transfer resistance values: two orders of magnitude greater than base case, one order 
of magnitude greater than base case, base case, and one order of magnitude less than base 
case. Results based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and 
Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other 
PEMFC conditions listed in Table 2.3. 
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decrease in resistance (10 ) will increase the calculated peak power from 595 to 621 
mW/cm
2
. However, these tortuosities cannot be improved by a factor of ten. An increase 
in resistance equals a decrease in effective diffusivity. 
 
2.8.5 Polarization Curves in PEMFC as a function of Saturation 
 
Figure 2.10 displays the fuel cell voltage versus current for several different values of 
liquid water saturation in the CCL. At open circuit voltage (zero current), a change in 
saturation has negligible effect on the voltage. Otherwise, an increase in saturation 
reduces PEMFC performance. In the base case at a current of 1.0 A/cm
2
, saturation varies 
across the CCL from 6.6% (GDL interface) to 6.8% (membrane interface). In Figure 
2.10, the saturation for each curve was set to the listed constant for the purpose of 
showing the performance change if the actual saturation is different than the value 
calculated by the model. The saturation within an actual CCL is dependent on the surface 
energies of the pore walls and the geometry of the porous CCL. In this study, the pore 
wall material and associated surface energies were based on the volume of each solid 
material in the CCL (calculated from Table 2.3 values) and published contact angles of 
the pure materials. For the geometry, pore size distributions (PSD) from Gode, Jaouen, 
and co-workers [27] were used. As Figure 2.10 indicates, an error in saturation due to an 
error in these inputs could be significant if the saturation is 20% or higher. Due to gas 
phase mass transfer resistances, there is a 127 mV decrease in voltage from the base case 
(~ 6.7% saturation) to the 30% saturation case at 1.0 A/cm
2
 and a decrease in peak power 
density from 0.595 to 0.412 W/cm
2
.  
ijD
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Figure 2.10 PEMFC performance at different saturation levels in the CCL (10% 
nanofibers in CCL). Saturation is the percentage of pore space filled with liquid water. 
Results based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and Pt 
loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode. Other PEMFC conditions 
listed in Table 2.3. 
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The saturation results in this model are based on local equilibrium and a hydrophobic 
CCL whose void space is primarily gas filled. Non-equilibrium effects can increase 
saturation above the model values because water is created within the ionomer. The 
model CCL gas diffusion tortuosity was greatly increased for gas volume fractions less 
than 0.20 to avoid predicting performance where there may be a loss of percolation 
(complete barrier to diffusion).  
 
2.8.6 Polarization Curves in PEMFC as a function of Mass Transfer in GDL 
 
Figure 2.11 displays the fuel cell voltage versus current for several different rates of 
oxygen mass transfer through the cathode GDL. As the GDL mass transfer rate increases, 
the maximum attainable current increases and the performance at high currents increases. 
The mass transfer coefficient  is defined in Table 2.1 and represents the mass transfer 
of oxygen across the GDL. The base case has an oxygen mass transfer  value of 0.63 
cm/s, which was estimated from Fick’s Law with a GDL thickness of 0.03 cm, porosity 
of 0.40, and tortuosity of 2.0. An increase of the base case  by an order of magnitude 
increases the cell voltage by 12 mV at 1.0 A/cm
2
 and increases peak power by 28 
mW/cm
2
, but further increases in  have little effect on fuel cell performance. A 
decrease in the base case  by an order of magnitude reduces peak power from 0.595 to 
0.212 W/cm
2
 and decreases voltage at 1.0 A/cm
2
 from 0.538 to 0.209 V.  
 
 
 
oc
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oc
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Figure 2.11 PEMFC performance as function of oxygen mass transfer rate through the 
cathode gas diffusion layer (GDL) (10% nanofibers in CCL). Values displayed are the 
mass transfer coefficient ( oc ) in cm/s, where 0.63 cm/s is the base case value. Results 
based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and Pt loading of 
0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode. Other PEMFC conditions listed in 
Table 2.3. 
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2.8.7 Polarization Curves in PEMFC as a function of CCL Ionomer Constraint 
 
Figure 2.12 displays the fuel cell voltage versus current for several different values of 
ionomer constraint in the CCL. Ionomer swelling was included in all calculations but a 
degree of constraint from 0 to 40% was specifically investigated. For ionomer in the CCL 
that is 0% constrained, the polarization curve results in a peak power performance of 
0.598 W/cm
2
, while 40% constraint results in 0.592 W/cm
2
. For the typical volume 
fraction of void space investigated, the extremes of swelling evaluated had almost equal 
performance. 
 
2.8.8 Polarization Curves in PEMFC as a function of other parameters 
 
Figure 2.13 displays the fuel cell voltage versus current for several different rates of 
water vapor mass transfer through the cathode GDL. Peak power improves from 590 to 
596 mW/cm
2
 as the water vapor mass transfer coefficient through the GDL is increased 
from the 1% of the base value (0.0078) to two orders of magnitude more than the base 
value (78.0). The water vapor mass transfer coefficient through the GDL for the base case 
is 0.78 cm/s. 
 
Figure 2.14 displays the fuel cell voltage versus current for several different values of 
agglomerate radius in the CCL. The base case agglomerate (dry reference) radius of 
2.5x10
-5
 cm has a peak power of 595 mW/cm
2
 and is at a limiting value so that a radius  
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Figure 2.12 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for two different values of 
the CCL ionomer degree of constraint: no constraint (X = 0.0) and 40% constraint (X = 
0.4). Results based on cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and 
Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other 
PEMFC conditions listed in Table 2.3. 
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Figure 2.13 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for two different values of 
the mass transfer coefficient for water vapor diffusion through the cathode GDL. Results 
based on cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and Pt loading of 
0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC conditions 
listed in Table 2.3. 
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Figure 2.14 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for four different values of 
the agglomerate sphere radius in the dry reference condition. Results based on 
cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and Pt loading of 0.1 
mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC conditions 
listed in Table 2.3. 
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decrease has negligible effect. A radius increase to 2.5x10
-4
 cm decreases peak power to 
514 mW/cm
2
.  
 
Figure 2.15 displays the fuel cell voltage versus current for several different values of the 
Knudsen diffusion mass transfer resistance in the CCL. The base case effective Knudsen 
diffusivity is at the upper limiting value, but a decrease in Knudsen diffusivity by a factor 
of ten lowers peak power from 595 to 588 mW/cm
2
. 
 
Figure 2.16 displays the fuel cell voltage versus current for several different values of the 
nanofiber proton conductivity in the CCL. A factor of ten increase in the effective 
conductivity of the nanofibers increased peak power from 595 to 614 mW/cm
2
. The 614 
mW/cm
2
 peak power is close to the upper limiting value. 
 
Figure 2.17 displays the fuel cell voltage versus current for different values of the 
diameter of the nanofibers in the CCL. Peak fuel cell power increased from 568 to 619 
mW/cm
2
 as ionomer fiber diameter was decreased from 0.5 to 0.0005 µm while holding 
total volume of fiber constant. 
 
Figure 2.18 displays the fuel cell voltage versus current for several different rates of 
water vapor mass transfer through the membrane and anode. The mass transfer 
coefficient for water at the membrane was estimated from Fick’s Law for diffusion of 
water through the membrane ionomer [60]. Increasing the mass transfer coefficient for  
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Figure 2.15 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model for the base case Knudsen diffusion resistance (1.0 x
OKD ) and 
three cases where Knudsen resistance is increased by one, two, or three orders of 
magnitude. Results based on cathode/anode/cell temperature of 80 °C, pressure of 3.0 
atm, and Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. 
Other PEMFC conditions listed in Table 2.3. 
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Figure 2.16 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model for three cases where the nanofiber proton conductivity equals 
the base case value, two orders of magnitude greater conductivity, and two orders of 
magnitude lesser conductivity. Results based on cathode/anode/cell temperature of 80 °C, 
pressure of 3.0 atm, and Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode 
respectively. Other PEMFC conditions listed in Table 2.3. 
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Figure 2.17 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for four different values of 
the nanofiber diameter but the same total volume of nanofiber ionomer. Results based on 
cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and Pt loading of 0.1 
mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC conditions 
listed in Table 2.3. 
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Figure 2.18 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for two different values of 
the mass transfer coefficient for water diffusion through the membrane and anode. 
Results based on cathode/anode/cell temperature of 80°C, pressure of 3.0 atm, and Pt 
loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC 
conditions listed in Table 2.3. 
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water transport across the membrane and anode from 0.0022 to 22 cm/sec lowered peak 
power from 597 to 587 mW/cm
2
. 
 
Figure 2.19 displays the fuel cell voltage versus current for several different mass ratios 
of platinum to carbon in the CCL catalyst phase. The weight fraction of platinum within 
the platinum and carbon phase was varied from 0.15 to 0.50. Because in each case the 
cathode platinum loading was 0.40 mg/cm
2
, the catalyst phase (Pt + C) volume fraction 
decreases as the weight fraction of platinum increases. The other model inputs were 
maintained self-consistent by keeping the dry gas volume fraction constant at 0.303 and 
varying the dry ionomer volume fraction so that total volume fraction equals one. The 
base case weight fraction of platinum within the platinum and carbon phase of 0.20 
provided the greatest of the peak powers for the six cases evaluated with a value of 595   
mW/cm
2
 at 1.408 A/cm
2
. Peak power was 579 mW/cm
2
 and 590 mW/cm
2
 at weight 
fractions of 0.15 and 0.30, respectively. 
 
Figure 2.20 displays the fuel cell voltage versus current for different cathode catalyst 
layer thicknesses. The CCL thickness was varied from 20 to 35 m with the greatest 
power performance occurring for the thickness of 20 m. Peak power for the 20 and 25 
m thickness was 598 and 595 mW/cm2, respectively. As thickness was varied, the dry 
gas volume fraction was maintained constant at 0.303 and the actual volume of catalyst 
phase was maintained constant. Because the actual volume of catalyst phase was 
maintained constant, the volume fraction of the catalyst phase varied in inverse 
proportion to the thickness. A reduction in CCL thickness while holding dry void fraction  
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Figure 2.19 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for six values of the weight 
fraction platinum within the catalyst phase from 0.15 to 0.50. Results based on 
cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and Pt loading of 0.1 
mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC conditions 
listed in Table 2.3. 
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Figure 2.20 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model. The model predictions are listed for five values of the CCL 
thickness. Results based on cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, 
and Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other 
PEMFC conditions listed in Table 2.3. 
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constant causes PEMFC power to increase because of the reduced resistance to gas 
diffusion.  
 
Figure 2.21 displays the fuel cell voltage versus current for different values of the CCL 
gas phase volume fraction (dry reference basis). The dry gas volume fraction was varied 
while maintaining the CCL thickness, the catalyst phase volume fraction, and the 
platinum loading constant. The dry ionomer volume fraction was decreased as gas 
volume increased to keep the sum of volume fractions equal to one. The best 
performance occurred at the base case dry gas volume fraction of 0.303. The peak power 
was 243, 595, and 585 mW/cm
2
 for dry gas volume fractions of 0.20, 0.303, and 0.40, 
respectively. The power reduction at 0.20 dry gas volume fraction is primarily because of 
ionomer swelling. 
 
Figure 2.22 displays the fuel cell voltage versus current for different values of the electro-
osmotic drag coefficient ( ). The electro-osmotic drag coefficient was varied while 
maintaining the anode performance and other inputs constant. The drag coefficient ( ) is 
defined differently here: a coefficient of 0.1 would mean one water molecular enters the 
CCL gas due to drag for each ten protons of membrane current. Because most water 
subject to drag will enter the liquid phase,  should be much less than one. The best 
performance here occurred at higher values of drag. However, if drag occurs, it may 
actually lower performance by drying out the anode. 
 



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Figure 2.21 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model for four values of the dry (reference) gas phase volume 
fraction. Results based on cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, 
and Pt loading of 0.1 mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other 
PEMFC conditions listed in Table 2.3.  
 
 
 
 
 
 
 
74 
 
 
 
 
 
 
 
 
 
Figure 2.22 PEMFC polarization curve showing cell voltage verse cell current density 
from the Nanofiber Model for different values of the electro-osmotic drag coefficient ( ) 
in the membrane. If   = 0.01, then one water molecule enters the CCL gas phase from 
the membrane due to drag for each one hundred protons of current. Results based on 
cathode/anode/cell temperature of 80 °C, pressure of 3.0 atm, and Pt loading of 0.1 
mg/cm
2
 and 0.4 mg/cm
2
 in anode and cathode respectively. Other PEMFC conditions 
listed in Table 2.3. 
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2.9 Nanofiber Model and Data Comparison 
 
The Nanofiber Model compares favorably to experimental data from references [3], [4], 
and [2] in Figures 2.23, 2.24, and 2.25. Applicable validation data includes experimental 
fuel cell voltages and associated cell current, temperature, quantity of catalyst, and the 
remaining data needed for model inputs (that cannot be estimated). The study by Qi and 
Kaufman in 2002 [3] provided applicable validation data with variation of platinum 
loading and temperature. Part of the data had to be excluded because the relative 
humidity of the cathode air was unknown. Also, part of their data was excluded because 
it was not repeatable despite exactly equivalent conditions. Their study emphasized the 
microporous layer associated with the GDL which was not directly relevant here. The 
study by the same authors in 2003 [4] provided applicable validation data with an 
alternate pressure and alternate platinum loading. Part of that work was not included 
because it included proprietary catalysts or proprietary (unknown) CCL preparation 
methods. The data available from the Drexel University laboratory provided higher 
pressure conditions and included more of the input data and the least amount of 
parameter estimation. For these experimental cases, the flow was high enough that ten 
percent or less of the entering oxygen was consumed (stoichiometry over 10). Data with 
lower stoichiometry was excluded because the oxygen concentration at the cathode outlet 
was significantly lower than that at the inlet. A concentration variation would be expected 
to cause nonlinear and multidimensional effects not predicted by this model. The model 
describes the data well; the root mean square of the voltage error compared to data is 
listed in Table 2.6 and is approximately 0.01 V for each case.  
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Figure 2.23 Nanofiber Model voltage performance calculations (lines) compared to 
experimental data (symbols). The model predictions are listed for three sets of data from 
ref. [3] at (A) 75°C and 1.7 mgPt/cm
2
, (B) 60°C and 1.7 mgPt/cm
2
, and (C) 35°C and 
0.10 mgPt/cm
2
. Model inputs and experimental values are listed in Table 2.6. 
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Figure 2.24 Nanofiber Model voltage performance calculations (lines) compared to 
experimental data (symbols). The model predictions are listed for three sets of data from 
ref. [3] and [4] at (D) 35°C and 0.14 mgPt/cm
2
, (E) 45°C and 0.217 mgPt/cm
2
, and (F) 
45°C and 0.306 mgPt/cm
2
. Model inputs and experimental values are listed in Table 2.6. 
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Figure 2.25 Nanofiber Model voltage performance calculations (line) compared to 
experimental data (symbols). The model predictions are listed for data from ref. [2] at (G) 
80°C and 0.43 mgPt/cm
2
. Model inputs and experimental values are listed in Table 2.6. 
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Table 2.6 lists the inputs used in the model calculations which represent the experimental 
conditions. Most of input parameter values were obtained from the references. However, 
the mass transfer coefficients of oxygen transport through the cathode GDL ( oc ) and the 
fuel cell contact resistances ( conR ) are significant inputs that had to be estimated. oc  is 
varied to predict the sudden drop in cell voltage at high current that is associated with 
mass transfer resistance. The model results and the experimental polarization curves both 
exhibit a steep negative slope (voltage loss) at a certain high current; for example in case 
(C), the drop in voltage occurs at a current of about 0.85 A/cm
2
. This is the mass transfer 
limited region of the curve where oxygen flow through the GDL cannot be increased. 
One physical example of this is when water floods the GDL and restricts oxygen 
diffusion. The value of oc  has little effect on the model curve except very close to the 
steep slope at high current. An upper limit for oc  would be 0.93 cm/sec based on Fick’s 
Law and 2.0 atm, 80°C, GDL void fraction of 0.40, GDL thickness of 0.3 mm, and a 
tortuosity of 2.0.  The effect of oc  is displayed on the parametric curves given on Figure 
2.11. 
 
The fuel cell contact resistance ( conR ) depends on information generally not available in 
the literature data including the pore sizes in the two GDL layers and the gasket 
compression force used during cell assembly. An increase in the value of this contact 
resistance shifts the predicted voltage curve downward and the shift is proportionally 
greater at higher currents. The value of contact resistance in Table 2.6 had to be estimated 
(fit).  
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The Nanofiber Model describes the available PEMFC data with an average cell voltage 
error of 0.01 V. The activation energy for the exchange current density used by Song and 
co-workers in 2004 [24] was used here and it adequately describes the temperature effect. 
The validation data here includes a range of pressures from 1.0 to 2.7 atm and a range of 
cathode platinum loading from 0.10 to 1.7 mgPt/cm
2
. These extremes in input data are 
also described by the model. Some data such as contact resistance and GDL mass transfer 
resistance are not available with the existing PEMFC data sources but have to be 
considered while validating PEMFC polarization curves. The Nanofiber Model is 
consistent with the available hydrogen fuel cell data. 
 
2.10 Nanofiber Model Results in the CCL 
 
The results of the Nanofiber Model in the CCL are shown in Figures 2.26-2.35. The base 
case conditions (10% ionomer in fiber form) for the Nanofiber Model are listed in Table 
2.3. In Figures 2.26-2.29 a case without fibers (0% ionomer in fiber form) is also shown 
as a comparison to the base case to show the impact of nanofibers in the fuel cell. Both 
results correspond to a fuel cell current of 1.0 A/cm
2
. To achieve the same cell current, 
the overpotential boundary condition (Equation (2.13)) was varied until the proton flux at 
the CCL-membrane interface  resulted in a cell current of 1.0 A/cm
2
 (1.04 
x 10
-5
 mol H
+
/scm2). Consequentially, the two cases correspond to different cell 
voltages, but the same cell current. Under these conditions, the integrated rate of the ORR 
through the thickness of the CCL is the same for both the base case (10% fibers) and the 
  Ip cN z L
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no fiber case (0% fibers). In other words, the total rate of oxygen consumption is the 
same.  
 
2.10.1 Oxidation Reduction Reaction Rate Profile in CCL 
 
Figure 2.26 compares the oxygen reduction reaction (ORR) rate throughout the CCL for 
the base case to the no fiber case at a cell current of 1.0 A/cm
2
. For the base case with 
10% of the ionomer in nanofibers, the reaction rate does not change greatly throughout 
the CCL with a maximum reaction rate 68% higher than the minimum rate. For the no 
fiber case, however, the maximum reaction rate at the membrane is 445% higher than that 
of the minimum rate at the GDL. The overpotential at the CCL-membrane interface, , 
is a model input and a boundary condition, which was selected so that both cases would 
have a 1.0 A/cm
2
 cell current. Equations (2.22) and (2.36) show that the ORR rate 
increases with overpotential and with oxygen mole fraction. For the no fiber case, the low 
rate at the GDL and interior of the CCL is balanced by a high rate near the membrane, 
which requires a larger overpotential and leads to lower cell voltage. The radial oxygen 
profiles within the agglomerates are displayed in the insets in Figure 2.26. For each 
agglomerate in the CCL, the ionomer at the agglomerate surface  is nearly 
saturated with oxygen (dimensionless ). The minimum agglomerate oxygen 
concentration at the agglomerate center  occurs at the CCL-membrane interface 
 for the no fiber case and is 84% of saturation. The agglomerate oxygen 
 
L
 ar r
1oC 
 0r 
 cz L
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Figure 2.26 Reaction rate variation within the cathode catalyst layer (CCL) of the fuel 
cell in terms of the volumetric consumption of oxygen for the base case (10% nanofibers) 
and no fiber case (0% nanofibers) at a cell current of 1.0 A/cm
2
. Insets show 
dimensionless oxygen concentration profile (  oC r ) within agglomerates at two 
locations for both cases.  oC r  equals the ionomer oxygen concentration divided by the 
ionomer oxygen concentration that would occur if it was in equilibrium with the 
surrounding bulk gas. The domain of the radial coordinate r is displayed from the 
agglomerate center (0) to surface ar . 
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concentration at the agglomerate center 
 
for the base case is 95% at z = 0.25  
and 91% at z =  (CCL-membrane interface). 
 
2.10.2 Oxygen Concentration Profile in CCL 
 
The oxygen mole fraction throughout the CCL is shown in Figure 2.27 for the same cases 
as in Figure 2.26. For both cases, the oxygen concentrations are the same at the GDL (z = 
0) due to identical boundary conditions and the oxygen concentrations do not change at 
the membrane (zero slope at z = ) due to identical no flux boundary conditions. The 
oxygen concentration decreases from the GDL to the membrane by 11% and 13% for the 
base case and no fiber case, respectively. The ORR rate increases with both increasing 
oxygen concentration and increasing overpotential as expected according to Equation 
(2.22). In both cases, the oxygen concentration is higher near the GDL while the ORR 
rate there is lower than near the membrane. This occurs because the effect of low 
overpotential at the CCL-GDL interface is greater than the effect of higher oxygen 
concentration. The lower oxygen concentration in the no fiber case correlates with the 
higher ORR rate near the membrane, i.e., the consumption of oxygen lowers the oxygen 
concentration. 
 
2.10.3 Overpotential Profile in CCL 
 
Figure 2.28 shows the overpotential throughout the CCL for both cases. The value of the 
overpotential decreases from the membrane to the GDL for both cases, however, the  
 0r  cL
cL
cL
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Figure 2.27 Oxygen concentration throughout the cathode catalyst layer (CCL) of the 
fuel cell for the base case (10% nanofibers) and no fiber case (0% nanofibers) at a cell 
current of 1.0 A/cm
2
.  
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Figure 2.28 Overpotential throughout the cathode catalyst layer (CCL) of the fuel cell for 
the base case (10% nanofibers) and no fiber case (0% nanofibers) at a cell current of 1.0 
A/cm
2
.  
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overpotential for the base case is relatively constant. The change in overpotential from 
GDL (z = 0) to membrane (z = ) is due to the ionic resistance to the proton current. 
The effective proton conductivity (Equation (2.12)) is a factor of 3.6 higher for the base 
case (10% nanofibers) compared to the no fiber case. This conductivity difference is 
based on experimental measurements on Nafion nanofibers and results in a reduction of 
the overpotential slope when compared to the no fiber case [40]. In contrast, when no 
nanofibers are present the lower conductivity results in an increase in ohmic losses, 
which results in a decreased overpotential, particularly near the GDL. Without fibers (i.e., 
lower conductivity), a larger overpotential is required at the CCL-membrane interface (z 
= ) to accelerate the ORR rate in order to compensate for the smaller overpotential 
elsewhere in the CCL. The overpotential equals -0.422 V and -0.446 V at the CCL-
membrane interface for the base case and no fiber case, respectively. This corresponds to 
a loss of 36% and 38% of the total available reversible voltage, respectively. The larger 
overpotential near the membrane results in a higher ORR rate despite the lower oxygen 
concentration. The large nanofiber conductivity dominates the effective conductivity 
despite the small diameter of nanofibers. For the base case, there is only a 1.6% 
performance decrease if nanofiber tortuosity is increased from 2 to 4; peak power is 
0.595 and 0.586 W/cm
2
, respectively. Figure 2.28 shows the clear difference in the CCL 
between the two cases. 
 
2.10.4 Profile of Proton Flux in CCL 
 
Figure 2.29 displays the proton flux throughout the cathode catalyst layer (CCL) of the  
cL
cL
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fuel cell for the 10% and 0% fiber cases, respectively, at a cell current of 1.0 A/cm
2
. In 
both cases, the flux increases from zero at the CCL-GDL interface to a maximum value at 
the CCL-membrane interface. The base case flux curve is linear reflecting the 
approximately constant ORR rate. The derivative of the overpotential in Figure 2.28 
corresponds to the proton flux, which is shown in Figure 2.29 (Equation (2.12)). All of 
the protons entering the CCL enter at the CCL-membrane interface (z = Lc) and are 
consumed within the CCL by the ORR. In the center of the CCL, the cell current is a 
mixture of electron and proton current, but the proton current increases along the CCL 
until it reaches a maximum at the membrane, where it equals the total cell current. Since 
the proton conductivity in the CCL is high due to fibers for the base case and the oxygen 
concentration and material properties are approximately constant, the reaction rate (as 
shown in Equations (2.22) and (2.36) and Figure 2.26 is constant. For the no fiber case, 
the reaction rate is higher near the membrane, which causes a more rapid reduction in the 
proton flux along the CCL. 
 
2.10.5 Other Profiles in CCL 
 
In addition to using the Nanofiber Model to examine the impact of ionomer fibers on 
ORR rate, oxygen concentration, overpotential, and proton flux, other parameters were 
also explored. These results are shown in Figures 2.30-2.35 and a brief summary of these 
results is described below.  
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Figure 2.29 Superficial flux of protons at each location in the CCL for the 10% nanofiber 
base case and a current density of 1.0 A/cm
2
. Superficial proton flux also shown for the 
0% nanofiber case and a current density of 1.0 A/cm
2
. 
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Figure 2.30 displays the mean gas filled pore radius and the standard deviation of the gas 
filled pore radius throughout the cathode catalyst layer (CCL) of the fuel cell at a cell 
current of 1.0 A/cm
2
. For the base case at 1.0 A/cm
2
, the water activity in the CCL at the 
membrane is 0.71% greater than at the GDL and for this reason the mean pore radius in 
the CCL at the membrane is 0.4% greater than at the GDL. The values in Figure 2.30 are 
only used to estimate the Knudsen diffusivities at each location. If the pore radius here 
was smaller, Knudsen Diffusion would be a more important mechanism. 
 
Figure 2.31 displays the gas pressure throughout the cathode catalyst layer (CCL) of the 
fuel cell at a cell current of 1.0 A/cm
2
. The pressure is constant, which means that the 
Knudsen diffusivities in Equation (2.19) of this model are large. Also, Equations (2.15) 
and (2.16) reduce to the common Stefan-Maxwell form as the Knudsen and pressure 
gradient terms drop out.  
 
Figure 2.32 displays the fraction of water created by reaction that enters the gas phase, 
, and saturation, S, throughout the cathode catalyst layer (CCL) of the fuel cell at a 
cell current of 1.0 A/cm
2
. For the 10% fiber base case, the solution for  varied from 
6.80x10
-4
 at the GDL to 6.61x10
-4
 at the membrane indicating that very little of the water 
produced by reaction becomes a gas (vapor);  < 0.001. Similarly the saturation is 
nearly constant throughout the CCL, varying from 6.56% at the GDL to 6.84% at the 
membrane.  
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Figure 2.30 Mean radius (nm) of gas filled pores at each location in the CCL for the 10% 
nanofiber base case and a current density of 1.0 A/cm
2
. The standard deviation of the 
pore radii of those gas filled pores at each location in the CCL is also listed.  
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Figure 2.31 Gas pressure at each location in the CCL for the 10% nanofiber base case 
and a current density of 1.0 A/cm
2
. 
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Figure 2.32 Value of 
Gf  and saturation (S) at each location in the CCL for the 10% 
nanofiber base case and a current density of 1.0 A/cm
2
. 
Gf  is the fraction of water 
produced by the oxygen reduction reaction that becomes a gas. Saturation is the fraction 
of void space in the CCL that is occupied by liquid water. 
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Figure 2.33 displays the water vapor concentration throughout the cathode catalyst layer 
(CCL) of the fuel cell at a cell current of 1.0 A/cm
2
. The water vapor concentration 
profile was approximately constant with a variation from 0.1245 mole fraction at the 
GDL to 0.1256 at the membrane. A constant value for the variable, , is significant 
because many other variables including S and  depend on . Because  is very 
small, the flux of water vapor is very small and this is the reason the concentration of 
water vapor is almost constant. 
 
Figure 2.34 displays the superficial oxygen flux and superficial water vapor flux 
throughout the cathode catalyst layer (CCL) of the fuel cell at a cell current of 1.0 A/cm
2
. 
The flux of oxygen across the CCL decreases linearly from the GDL value to zero at the 
membrane where there is a zero flux boundary. In the same figure, the flux of water 
vapor increases linearly and is two orders of magnitude smaller. The much larger oxygen 
flux has a convective effect on the water vapor that results in a positive sign for the water 
flux across almost all of the CCL. Previous models suggest that water in the CCL is 
primarily transported in vapor form whereas water transport in this model is primarily in 
the condensed form as shown by Figure 2.34. This is reasonable since the density of 
absorbed or liquid water is much greater than that of the water vapor and a small pressure 
gradient will drive the water flow. A pressure gradient will occur as the water created by 
the ORR attempts to fill pores that have smaller values of  (i.e., hydrophilic pores 
that are bigger). 
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Figure 2.33 Water vapor mole fraction at each location in the CCL for the 10% nanofiber 
base case and a current density of 1.0 A/cm
2
. 
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Figure 2.34 Superficial flux of oxygen and water vapor at each location in the CCL for 
the 10% nanofiber base case and a current density of 1.0 A/cm
2
. 
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Figure 2.35 displays the ionomer volume fraction and gas volume fraction throughout the 
cathode catalyst layer (CCL) of the fuel cell at a cell current of 1.0 A/cm
2
. The ionomer 
volume fraction in the CCL increases from 0.3982 at the GDL to 0.3996 at the membrane 
and the gas volume fraction in the CCL decreases from 0.2212 at the GDL to 0.2231 at 
the membrane. These changes are insignificant, but are consistent with the slight increase 
in ionomer swelling and saturation due to the slight increase in water vapor mole fraction. 
The volume fraction of each phase in the dry condition is a model input. At the steady 
state water vapor concentration, the ionomer and liquid water phase increase in volume at 
the expense of the gas phase volume. 
 
Table 2.4 (located at the end of the chapter) lists the volume difference between the four 
phases in the CCL in the dry input state and the steady-state base case condition. Despite 
the small equilibrium volume of liquid water in the CCL, much more of the water 
produced by reaction exists as free liquid water than water vapor due to the higher 
density of liquid water. An even greater amount of water remains in the ionomer (3.6 
times more than liquid). Therefore, water created by reaction primarily stays in the 
ionomer.  
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Figure 2.35 Value of ionomer volume fraction at each location in the CCL for the 10% 
nanofiber base case and a current density of 1.0 A/cm
2
. Value of gas volume fraction for 
the same case is also displayed. 
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2.11 Conclusions 
 
A new nanofiber geometry for the cathode catalyst layer of a proton exchange membrane 
fuel cell was defined and modeled. The model demonstrates a 7.5% peak power increase 
if the CCL ionomer in nanofiber form is increased from 0 to 10%. The model is 
consistent with the enhanced proton conductivity attributed to these fibers experimentally 
[39, 40]. This is the mechanism that has the most significant effect within this model. 
This micro-structure influence (enhancement of conductivity due to nanofibers) has not 
been published in other PEMFC models in the literature. The CCL platinum in the 10% 
nanofiber case may be reduced by 51% and the fuel cell will provide the same peak 
power as the 0% nanofiber case. There are three ways platinum can be reduced to take 
advantage of the nanofiber power increase. Platinum can be reduced by holding the phase 
volumes constant and lowering the platinum weight fraction in the carbon phase as in 
Figure 2.19. Platinum loading can be reduced as in Figure 2.7. The number of fuel cells 
in a stack of cells may be reduced. The high cost of platinum is an important component 
of PEMFC economics. 
 
For typical design and operating conditions as investigated here, the other novel features 
of the model have secondary or negligible effects on performance. The cell voltage and 
power effect due to constraining the ionomer within the cathode catalyst layer was 
evaluated numerically and found to have negligible effect on cell voltage. A new water 
equilibrium calculation was implemented that demonstrated that fuel cell performance 
depends on nano-scale pore wall properties within the operating cell. By inputting the 
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best available properties into this calculation it was found that most water in the cathode 
catalyst layer is present in the ionomer and that most of the void space is vapor-filled. 
 
These results confirm the importance of the oxygen reduction reaction rate constant and 
the effective catalyst surface. Calculations here indicate that these terms are more 
important than previous models indicate due to the effective proton conductivity increase 
by fibers. Mass transfer resistance to oxygen in the GDL was very significant. An 
increase in the base case  (decrease in resistance) by an order of magnitude increases 
the cell voltage by 12 mV at 1.0 A/cm
2
 and increases peak power by 28 mW/cm
2
. 
  
oc
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Table 2.1 Summary of the Nanofiber Model Equations in the Cathode Catalyst Layer 
MODEL EQUATIONS AND BOUNDARY CONDITIONS • 
 
Conservation of protons 
 
No proton flux into GDL (BC) 
 
Ohm’s Law for Proton Conduction 
 
Overpotential at membrane (BC) 
 
Agglomerate Model of ORR 
 
Butler-Volmer Kinetics for Thiele Modulus (based on local overpotential,  ) 
 
Conservation of Oxygen (gas phase) 
 
No flux of oxygen into Membrane (BC) 
 
Conservation of Water Vapor (gas phase) 
 
Mass transfer model for water into Membrane (BC) 
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Stefan-Maxwell model for Oxygen with Knudsen Diffusion and stagnant Nitrogen 
 
Mass transfer model for Oxygen through GDL (BC) 
 
Stefan-Maxwell model for Water Vapor with Knudsen Diffusion and stagnant Nitrogen 
 
Mass transfer model for water through GDL (BC) 
 
Overall Pressure Equation (sum of oxygen, water, and nitrogen Stefan-Maxwell) 
 
Pressure BC (BC) 
 
 
• Equations from Table 2.1 require correlations from Table 2.2 and the inputs from Table 
2.3 to complete model. The fluxes here are superficial fluxes and the diffusivities here are 
effective diffusivities. 
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Table 2.2 Equations for Properties and Parameters 
 
Ref. 
Platinum surface per mass  
 
 
[22] 
Platinum surface per planar surface in planar model 
 
 
 
Oxygen diffusivity in Nafion
® 
 
 
[29] 
Effective oxygen diffusivity in agglomerates, NFM  
 
 
 
Knudsen diffusivity in NFM 
 
 
[57] 
Effective Knudsen diffusivity in ideal fiber model 
 
 
 
Effective gas pore diameter in ideal fiber model 
 
 
 
Effective fiber diameter in ideal fiber model 
 
 
 
Oxygen partition coefficient 
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Nafion
®
 proton conductivity  
 
 
[56] 
Nanofiber proton conductivity  
 
 
 
Bulk modulus  
 
 
 
[46] 
ORR Rate constant  
 
 
[59] 
ORR Rate constant in planar model 
 
  
Cylinder to cylinder pitch in ideal fiber model 
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Contact Voltage Losses in planar model 
 
 
 
Membrane Voltage Losses  
 
 
 
 
Membrane Voltage Losses in planar model 
 
 
 
Pore surface energy  
 
 
[63] 
Nafion
®
 Water concentration  
 
 
[32] 
Constrained water concentration 
 
 
[46] 
NFM Gas diffusion tortuosity 
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[57] 
 
a
 The tortuosity equation for  is an empirical fit of the data in the paper by 
Abbasi, Evans, and Abramson [57]. The value of   for 
 
simulates a loss of 
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Table 2.3 Constants and Base Case Input Values for NFM 
Symbols  Base Value 
 Catalyst surface per volume CCL, cm
-1
,  183,500 
 
Water activity in cathode channel, z=0 0.80 
b Butler-Volmer rate constant, , V 0.0304 
C Gas concentration, mol/ cm
3
 1.035x10
-4
 
 Reference oxygen concentration , mol/ cm
3
 7.25x10
-6
 
 Fiber diameter, µm 0.05 
F Faraday’s Constant, C/mol (amp-sec/mol) 96,485 
 Reference exchange current density, A/cm
2
 2.71x10
-8
 
cL
 
CCL thickness, cm 0.0025 
mL  Membrane thickness, cm 0.0060 
 Platinum loading in cathode catalyst layer per area, mg/ cm
2
 0.4 
 Pressure at CCL to GDL interface, atm 3.0 
Pt
C 
Weight fraction Pt in carbon and platinum solid 0.2 
 Outer radius of spherical agglomerate, cm (* = dry) 0.000025 
*
 
 Resistance voltage loss per A/cm
2
 for interface contact, Ωcm2 0.10 
 CCL ionomer swelling factor at reference ORR conditions 1.10 
T Isothermal temperature of PEMFC CCL, K 353.15 
 Mole fraction water vapor in cathode channel 0.1247 
Pta  310o Pt cA m L
(0)wa
cRT F
ref
oC
fd
ref
oi
Ptm
oP
ar
conR
ref
ws
CCH
wx
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Mole fraction water vapor in anode channel 0.1247 
 Mole fraction oxygen in cathode channel 0.1433 
X Degree of constraint for ionomer (1=fully constrained) 0.20 
 Transfer coefficient for Butler Volmer cathodic reaction 1.0 
 Surface energy of water, N/cm 0.0625 
 Mass transfer coefficient, gas film outside agglomerate, cm/sec 0.63 
 Mass transfer coefficient across cathode GDL for water vapor, 
cm/sec 
0.78 
 
Mass transfer coefficient across anode for water vapor, cm/sec 0.22 
 Mass transfer coefficient across cathode GDL for oxygen, cm/sec 0.63 
 Volume fraction of CCL ionomer in fiber form 0.10 
 Volume fraction of catalyst (C+Pt) phase in CCL 0.363 
 Volume fraction of gas phase in CCL (* = dry) 0.303* 
 Dry volume fraction of ionomer phase in CCL 0.334 
 
Electro-osmotic parameter, H2O into CCL gas per proton 0.0 
   
 
  
ACH
wx
CCH
ox
c
w
o
wc
wa
oc

C
G
o
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Table 2.4 NFM CCL Phase Volume Inputs and Steady State 
Volume Fraction 
a
      Input Dry Volume 
 
( =0.000) 
   Steady State Volume 
 
( =0.125) 
   Change 
  0.363 0.363 0.000 
  0.334 0.399 0.065 
  0.303 0.222 -0.081 
 0.000 0.016 0.016 
 
a
 The subscripts are c, I, G, and L for catalyst, ionomer, gas, and liquid water phases, 
respectively.  
 
  
wx wx
c
I
G
L
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Table 2.5 Nanofiber Model Results 
Case 
 (%fiber & mg 
Pt/cm
2
) 
Volts at 1.0 
A/cm
2
 
Peak Power 
W/cm
2
 
g/kW at Peak 
Power 
A/cm
2
 at 
Peak Power 
0%  &  0.4 0.513 0.554 0.903 1.383 
1%  &  0.4 0.519 0.563 0.888 1.394 
a
 10%  &  0.4 0.537 0.595 0.840 1.431 
50%  &  0.4 0.546 0.609 0.821 1.401 
90%  &  0.4 0.536 0.587 0.852 1.415 
10%  &  0.1 0.497 0.537 0.372 1.352 
10%  &  0.2 0.517 0.567 0.529 1.410 
10%  &  0.4 0.537 0.595 0.840 1.431 
 
     DOE 2015, Targets 
[13] 
 
 
1.000 0.125 
 
 
a
 Base case with 10% of the ionomer in the CCL in nanofiber form.  
b
 Ionomer dry input volume fraction was held constant as platinum was varied in the last 
three results listed all at 10% nanofibers. 
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Table 2.6 Experimental Data Input Values for NFM
 a
 
 
NFM Parameters used for Comparison  
to Experimental Data Sets 
Data Set A B C D E F G 
Reference [3] [3] [3] [3] [4] [4] [2] 
Ptm , mg/cm
2
 
1.70 1.70 0.10 0.14 0.217 0.306 0.43 
PtC 
1.0 1.0 .2 .2 .4 .4 .2 
cL , cm 0.002 0.002 0.0005 0.001 0.001 0.001 0.0025 
  c  
0.0869 0.0869 0.4093 0.2865 0.1729 0.2438 0.352 
o
I  
0.2821 0.2821 0.1751 0.2093 0.1292 0.1821 0.286 
oc , cm/sec 
0.295 0.24 0.143 0.162 0.40 0.78 0.254 
, cm 
0.0051 0.0051 0.0051 0.0051 0.0051 0.0051 0.0051 
, Ωcm2 
0.10 0.10 0.20 0.25 0.12 0.16 0.20 
T, C 
75 60 35 35 45 45 80 
, atm 
1.987 1.987 1.987 1.987 1.0 1.0 2.701 
( )CCHox dry
 0.206 0.206 0.206 0.206 0.206 0.206 0.174 
Error,rms, V 
0.008 0.011 0.013 0.009 0.005 0.014 0.014 
 
a
 Common inputs are wc =0.78 cm/sec,  6 2log 1.5 10 3.507 4001oi x A cm T   , c
=1.0, and refoC  =0.85 mol/m
3
 (kinetics) from ref. [22], nanofiber diameter of 0.05 m , 
10% of ionomer in nanofiber form, X=0.10 (degree of constraint), wa =1.0, wa =0.22 
cm/sec, and o =0.63 cm/sec. Symbol descriptions are in Appendix G. 
  
mL
conR
oP
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Chapter 3. Planar CCL Model of the Proton Exchange Membrane Fuel Cell 
 
3.1 Introduction 
 
The Planar CCL Model was developed to investigate the simplest possible PEMFC 
model (a control) that incorporates the four fundamental CCL mechanisms and the most 
basic geometry. The geometry used is a planar or slit-pore PEMFC geometry. The four 
CCL mechanisms modeled are oxygen reduction reaction (ORR) kinetics, proton 
conduction through the ionomer, oxygen diffusion through the gas, and oxygen diffusion 
through the ionomer. A unique feature of the Planar CCL Model is the three 
nondimensional constants that represent ratios of characteristic versions of the four 
fundamental mechanisms. These constants may be applied to any PEMFC. This Planar 
CCL Model is similar to the Nanofiber Model except for the geometry and the absence of 
all secondary mechanisms. 
 
There are two ways to implement this model. It may be used to describe the operation of 
an actual contemporary PEMFC or it may be used to describe the operation of a new 
PEMFC design. Occasionally, conceptually new PEMFC designs are modeled that have 
not been fabricated [48]. The slit-pore geometry includes an unobstructed straight gas 
diffusion path and a narrow ionomer diffusion path and it results in higher voltages than 
available experimental data. Full or partial implementation of this new geometry in 
current PEMFCs should also improve performance. Alternately, this model describes 
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current fuel cell data well when minor adjustments are made to account for existing 
geometry. The model is simple and allows some numerical “experiments” and parametric 
studies that are difficult to accomplish using the geometries of other PEMFC models. 
This is a one-dimensional model that can be used to study mechanisms without the 
complications of three-dimensional effects. Mechanisms are compared using dimensional 
analysis and parametric studies. 
 
3.2 Planar CCL Model 
 
The cathode catalyst layer model presented here is a three-phase model in an idealized 
planar geometry. The three phases (catalyst, ionomer and gas) are all assumed to be 
continuous, but the dominant transport and reaction mechanisms can be suitably captured 
by the unit cell shown in Figure 3.1. Most of the transport is one dimensional in the 
longitudinal (z) direction although there is interchange of H2O and O2 between gas and 
ionomer phases in the transverse direction (x). Specifically, the (1) oxygen reduction 
reaction on the catalyst surface and conduction of electrons in the catalyst phase, (2) 
transport of oxygen and protons through the ionomer phase, and (3) multicomponent 
diffusion of water vapor, oxygen, and nitrogen (inert) in the void space or gas phase are 
predicted by this model. The three phases and related mechanisms are discussed in detail 
in the next three paragraphs but this material is very similar to that presented in the 
Nanofiber Model discussion. There is no need to estimate the tortuosity in this model 
because, for this planar geometry, there is no tortuosity. 
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The catalyst phase is an electron conducting phase that is a solid mixture of carbon and 
platinum. The ORR occurs at the interface between the catalyst phase and ionomer phase 
where electrons, protons, and oxygen combine to produce water, Equation (1.2). The 
half-cell potential of the ORR (
oU ) creates the useful voltage difference between the 
catalyst and ionomer phases. In a typical fuel cell geometry, electrons enter from the gas 
diffusion layer ( 0z  ) and conduct to reaction sites at the catalyst-ionomer interface, but 
the membrane ( cz L ) is non-conducting to electrons. In accordance with a number of 
 
 
Figure 3.1 Planar Cathode Catalyst Layer Model geometry with coordinate system and 
inset diagram showing oxygen, proton, and electron fluxes feeding oxygen reduction 
reaction on catalyst-ionomer interface. Flux of water leaving reaction site also shown. For 
base case, c = 48.7 nm, l = 39.7 nm, and w = 50 nm. IpN , 
G
oN , 
G
wN  are the fluxes of 
protons in the ionomer, oxygen in the gas phase, and water vapor in the gas phase, 
respectively.  
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published models [26, 28, 32] and calculations, the voltage gradient throughout the solid 
catalyst phase is assumed to be negligible due to high electrical conductivity. 
 
The ionomer phase is a solid polyelectrolyte that facilitates transport of protons and is 
permeable to H2O (gray region in Figure 3.1). It also has a small, but important 
permeability to O2. Proton transport in the ionomer due to a voltage gradient is referred to 
as proton conduction. Voltage gradients within the ionomer in the z-direction are 
significant and drive proton conduction from the membrane ( cz L ) to reaction sites at 
the catalyst-ionomer interface. The proton concentration in the ionomer is assumed 
constant due to electro-neutrality. Oxygen transports by diffusion in the ionomer, but the 
dominant flux of oxygen is in the transverse direction. Oxygen from the gas absorbs at 
the ionomer-gas interface and diffuses to the catalyst surface where it is consumed by the 
ORR. Water produced by the ORR transports out of the catalyst layer through the 
ionomer or through the gas/void region, but the model does not specifically address this. 
In general, the model allows for water to evaporate at the ionomer-gas interface and 
diffuse out as a vapor. However, since the feed gases here are at 100% relative humidity, 
the water evaporation rate is assumed to be zero. 
 
The gas phase (or void) is a mixture of water vapor, oxygen, and nitrogen. Oxygen enters 
the gas phase from the gas diffusion layer ( 0z  ) and absorbs at all points along the 
ionomer-gas interface. The flux of oxygen at the membrane ( cz L ) is assumed to be 
negligible. The local rate of oxygen absorption into the ionomer varies depending on the 
local reaction rate. Because the rate of reaction is slow compared to the rate of transverse 
114 
 
(x-direction) diffusion, all gas concentration gradients in the transverse direction are 
negligible; so the gas transport equations are 1-D. The water vapor flux equals zero if the 
flux at the membrane/catalyst interface equals zero and the water produced by reaction is 
assumed to remain in the condensed phase (
Gf = 0). The calculations in this chapter are 
based on the water produced by reaction remaining in the condensed phase. The 
boundary condition at the membrane associated with water vapor flux sets the magnitude 
of the flux there. The flux is greater than or equal to zero because there is a concentration 
driving force and negligible electro-osmotic flow in this model. Nitrogen is stagnant with 
small values of convection and diffusion that cancel so that the net flux is zero. 
 
3.2.1 Oxygen Reduction Reaction on Catalyst Surface 
 
The derivation of the kinetic model equations starts here with the same kinetics 
(Equations (3.1) and (3.2)) as that used in the Nanofiber Model (Equations (2.22) and 
(2.23)) except that there is no swelling effect here. In both models the anodic exponential 
term ( ae

) is negligible. The ORR is heterogeneous with a first order rate dependence on 
the oxygen concentration at the catalyst surface 
sur
oC . The first order dependence is 
commonly used [26, 28, 31, 32] and was determined by Parthasarathy et al. [58]. The rate 
of the ORR also depends exponentially on the surface overpotential,  , which is the 
difference between the ORR half-cell potential (
oU ) and the voltage jump at the catalyst-
ionomer interface  c I  . c  and c  are the voltage on the catalyst and ionomer, 
respectively. Butler-Volmer kinetics are used to predict the rate of the ORR: 
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   (3.1) 
 
where i is the proton current density at the effective catalyst surface in A/cm
2
 or C/sec-
cm
2
. The temperature-dependent rate constants are 
pk , a, and b. According to Sun and 
co-workers [29] and Secanell and co-workers [59] 0.5a RT F  and b RT F . The 
exchange current density at reference proton concentration, ref
pC , and reference dissolved 
oxygen concentration, 
ref
oC , is 
ref
oi . The exchange current density is the magnitude of the 
current due to the forward reaction only or the reverse reaction only at zero overpotential; 
the net current is zero at zero overpotential. The concentration of protons near the catalyst 
surface is I
pC . The order of the proton dependence is irrelevant because the proton 
concentration is constant in this model. The rate constant, 
pk , can therefore be described: 
 
1
I
pp ref
o ref ref
p o
C
k i
C C
 
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 
      (3.2) 
 
The reaction rate, i, relates the rates of disappearance of protons and oxygen to the 
production of water as expressed in Equation (1.2) and Equation (3.3). 
 
4 2c p o w
a
i S S S
F
      (moles electrons consumed)/(surface area)(time) (3.3) 
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F is Faradays constant, ca  is the ratio of active catalyst surface to planar catalyst surface, 
pS  is the disappearance of protons at the catalyst planar surface, oS  is the disappearance 
of oxygen at the catalyst planar surface, and wS  is the flux of water at the catalyst planar 
surface. 
 
3.2.2 Transport within Ionomer Phase 
 
Protons, oxygen, and water transport in the ionomer phase. The material balances on 
these components are coupled through the ORR stoichiometry as presented in Equation 
(1.2). The following sections describe proton conduction in ionomer (3.2.2.1), oxygen 
diffusion in ionomer (3.2.2.2), and proton balance within the ionomer (3.2.2.3). 
 
3.2.2.1 Proton Transport within Ionomer 
 
The Nernst-Plank Equation with two driving forces, a voltage gradient and a 
concentration gradient describes ion transport. The Ohm’s law simplification of the 
Nernst-Plank Equation is used here because the proton concentration is assumed to be 
constant because of electroneutrality. Electroneutrality applies since the only other 
charged particles in the ionomer are sulfonic acid anions that are fixed in the polymer 
backbone. Equation (3.4) is the one-dimensional Ohm’s law expression and describes 
proton flux, I
pN , by proton conduction.  
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I I I
I
p
d d
N
F dz F dz
  
       (3.4) 
 
IK  is the proton conductivity. Because 
oU  and 
c  are constant and approximately 
constant, the derivative of the definition of the overpotential (Equation (2.1)) results in 
Equation (3.5). The proton conduction equation in the Nanofiber Model (Equation (2.12)) 
simplifies to this conduction equation (Equation (3.4)) when the nanofiber volume is set 
to zero, a tortuosity of 1.0 is used, and the flux here is based on the ionomer cross section 
and is not superficial. 
 
Id d
dz dz
 
       (3.5) 
 
3.2.2.2 Oxygen Transport within Ionomer 
 
The concentration of oxygen at the gas/ionomer interface is assumed to remain in 
equilibrium. Equation (3.6) is Fick’s Law and describes oxygen diffusion from the 
interface to the catalyst within the ionomer. 
 
I
suro o
o o
o
D x
S C
Kl
  
  
     (3.6) 
 
Where oS  is the molecular flux of oxygen at the catalyst in the x-direction or the rate of 
disappearance for oxygen at the catalyst planar surface in mol/sec-cm
2
. 
I
oD  is the 
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diffusivity of oxygen within the ionomer, l  is the thickness of the ionomer layer, ox  is 
the mole fraction of oxygen in the gas phase, oK  is the partition coefficient of oxygen 
between the gas and ionomer, and 
sur
oC  is the oxygen concentration at the catalyst 
surface. 
 
3.2.2.3 Proton Balance within Ionomer 
 
Equation (3.7) represents the steady-state proton material balance in the ionomer. 
Because the ionomer phase is narrow compared to the thickness of the catalyst layer (i.e., 
cl L ) the proton flux, 
I
pN , is independent of x and the gradient of proton flux (
I
pdN dz ) is equal to rate of proton consumption pS  divided by l .  
 
1
I
p
p
dN
S
dz l

        (3.7) 
 
pS  is factored out of Equation (3.7) using the i  term in Equation (3.3) and then i  is 
factored out of the result using Equation (3.1) to obtain Equation (3.8). 
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   (3.8) 
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sur
oC  is factored out of Equation (3.8) using Equation (3.6) and oS  is factored out of the 
result using Equations (3.3) and (3.7) to form: 
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dN dNa k l K
x e e
dz lFK D dz
   
        
   (3.9) 
 
This final kinetic equation in the Planar CCL Model (Equation (3.9)) is much different 
than the kinetic equation in the Nanofiber Model and includes ORR kinetics, the proton 
balance, and oxygen diffusion through the ionomer in the slit-pore geometry. There are 
no agglomerates in the Planar CCL Model and there is no gas convection at the ionomer 
interface. Equations (3.4) and (3.9) are converted to dimensionless forms, Equations 
(3.11) and (3.12), using a dimensionless current or proton flux N
p
, a dimensionless 
overpotential,  , and a dimensionless coordinate   as defined in Equation (3.10). 
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120 
 
The derivation of Equation (3.12) results in two dimensionless constants,   and po .   
is Damköhler’s Second Number and is a ratio of a characteristic reaction rate to a 
characteristic oxygen diffusion rate in the ionomer: 
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a k l
D F
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po  is a new dimensionless number and is a ratio of the characteristic proton conduction 
rate to a characteristic oxygen diffusion rate in the ionomer: 
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3.2.3 Transport within Gas Phase 
 
3.2.3.1 Oxygen and Water Balance within the Gas 
 
Equation (3.15) is the steady-state oxygen mole balance in the gas phase. This one-
dimensional equation is derived by assuming that gradients of ox  and 
G
oN  in the 
transverse  x  direction are small. Consumption of oxygen leads to gradients in the z  
direction. 
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G
oN  is the flux of oxygen in the gas phase. The width of the central gas slit is 2w . 
 
Equation (3.16) is the steady-state water vapor mole balance in the gas phase. Generation 
of water by reaction leads to gradients in the z direction if that water evaporates into the 
gas. 
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       (3.16) 
 
G
wN  is the flux of water vapor in the gas phase. 
Gf  is the fraction of water generated by 
reaction that evaporates into the gas phase. The planar model balance equations for 
oxygen and water vapor (Equations (3.15) and (3.16)) are identical to those in the 
Nanofiber Model (Equations (2.6) and (2.8)) except that they are based on actual fluxes. 
In this study, 
Gf  is assumed to equal zero, which means that water leaves the catalyst 
layer at steady state by diffusing through the ionomer or by flowing as a liquid in the 
gas/void space. This mechanism is not explicitly modeled. If 
Gf  was set to 1, the water 
produced by reaction would be assumed to vaporize into the 100% humidity gas and exit 
the catalyst layer by diffusion. This diffusion mechanism is explicitly modeled if 
Gf  is 
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greater than 0.  Due to the low mass transfer resistance in the gas, the model results are 
not sensitive to this choice. The preprocessing program for water equilibrium that was 
used in the Nanofiber Model for 
Gf  is not used in the Planar Cathode Catalyst Layer 
Model. 
 
Equations (3.7) and (3.3) are used to factor out the surface reaction rates from Equations 
(3.15) and (3.16). The resulting equations are then converted to dimensionless forms 
Equations (3.18) and (3.19) using Equations (3.10) and (3.17). 
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N
w
 is the dimensionless flux of water vapor in the gas phase and N
o
 is the 
dimensionless flux of oxygen in the gas phase. The dimensionless constant Bi  is the 
mass transfer Biot Number and is a ratio of a characteristic flux of oxygen diffusion in 
the gas to a characteristic flux of oxygen diffusion in the ionomer.  
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 , po , and Bi  are the key dimensionless constants in this model. Appendix F provides 
an alternate method for deriving the form of these constants based on scaling arguments. 
 
3.2.3.2 Multicomponent Diffusion within the Gas 
 
The three Stefan-Maxwell diffusion equations in the Nanofiber Model (Equations (2.15), 
(2.16), and (2.19)) simplify to the two one-dimensional diffusion equations (Equations 
(3.21) and (3.22)) in the Planar CCL Model because the Knudsen diffusion mechanism is 
removed (all 
G
iKD  are very large). However, actual fluxes and diffusivities are used here. 
These equations balance the driving force of concentration gradient with the opposing 
forces of differences in molecular velocities. Pore wall effects and pressure gradients are 
negligible here. These are the constitutive equations for gas phase transport and they are 
coupled to the balance Equations (3.15) and (3.16). 
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Gas mole fractions are represented by ix , total gas concentration by C , binary 
diffusivities by G
ijD , and molar fluxes by 
G
iN . Fluxes here are based on the cross section 
2w  and are not superficial. The subscripts represent oxygen, nitrogen, and water vapor 
and the superscript G represents the gas phase. 
 
Equations (3.21) and (3.22) are simplified by replacing the nitrogen mole fraction with 
 1 o wx x  , by noting that the steady state nitrogen flux is zero, and by rearranging to 
form Equations (3.23) and (3.24). 
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Nondimensionalizing Equations (3.23) and (2.24) with the use of Equations (3.10) and 
(3.17) results in Equations (3.25) and (3.26). 
 
 1
G G
o on on
o w o w o o wG G
ow ow
dx D D
x x N x N x N
d D D
          (3.25) 
 
125 
 
 1
G G G
w on on on
o w w w o o wG G G
wn ow ow
dx D D D
x x N x N x N
d D D D
         (3.26) 
 
3.2.4 Model Boundary Conditions 
 
The six boundary conditions in this section are the same as in the Nanofiber Model 
except that the water flux through the membrane is calculated differently. The flux of 
protons through the gas diffusion layer (GDL) is zero since protons cannot conduct 
through gas, carbon, or Teflon. This results in a no flux boundary condition at the 
GDL/catalyst layer interface (z = 0), Equation (3.27). 
 
N
p
0( ) = 0       (3.27) 
 
There is a constant overpotential at the membrane/catalyst layer interface  cz L , 
Equation (3.28). 
 
 1 L b       (3.28) 
 
The magnitude of the overpotential must be greater than zero and less than the open 
circuit voltage. 
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Nondimensional mass transfer boundary conditions at the GDL/catalyst interface (z = 0) 
are represented by Equations (3.29) and (3.30). 
 
    0 0CCHo oc o oN x x        (3.29) 
 
    0 0CCHw wc w wN x x       (3.30) 
 
oc  and wc  are the dimensionless mass transfer coefficients for oxygen and water 
vapor diffusion through the GDL, respectively. 
CCH
ox  and 
CCH
wx  are the mole factions of 
oxygen and water vapor in the channel, respectively.   
 
The transport of oxygen through the membrane is assumed to be negligible resulting in a 
no flux boundary condition at the membrane/catalyst layer interface  cz L , Equation 
(3.31). 
 
N
o
1( ) = 0      (3.31) 
 
The transport of water through the membrane is assumed to be proportional to the water 
vapor concentration at the membrane/catalyst layer interface  cz L , Equation (3.32). 
 
   1 1w wa wN x      (3.32) 
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The boundary conditions are nondimensionalized using the same scaling as the governing 
equations. 
 
3.2.5 Numerical Solution Procedure 
 
The complete Planar CCL Model of the cathode catalyst layer of a PEMFC consists of 
the equations and boundary conditions in Table 3.1 (shown at end of this chapter) and the 
geometry in Figure 3.1. These equations were solved using the Galerkin finite element 
method with Newton iteration. The values used in the model were taken from the same 
literature correlations used in Chapter 2 (Table 2.2) and the input values in Table 3.4. 
 
The nonlinear system of algebraic equations arising from the Galerkin finite element 
method was solved iteratively using a full analytical Jacobian using Newton’s Method 
until the average of the sum of squared residuals was less than 10
-10
. The one-
dimensional domain was divided into equally spaced elements and the same quadratic 
functions were used for the basis and weighting functions. For results in this paper, 96 
elements were used because predictions were indistinguishable from predictions with 48 
elements. The model was programmed in MatLab without optimization. Each solution 
required less than 6 seconds CPU time using a portable computer with a 1.6 GHz Intel 
Pentium dual-core processor. 
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3.3 Results and Discussion 
 
3.3.1 Planar Model Results in the Cathode Catalyst Layer  
 
Detailed numerical results were calculated for the catalyst layer at a current density of 
0.50 A/cm
2
 using the model described in section 3.2. The predicted overpotential, proton 
flux, oxygen concentration, and water vapor concentration in the catalyst layer (between 
the gas diffusion layer at 0   and the membrane at 1  ) are displayed in Figures 3.2 
and 3.3. The model parameters correspond to the conditions and the input values listed in 
Table 3.4. This case is based on a similar concentration in the feed gases from inlet to 
outlet due to the high flow rates employed. Therefore, the results are approximately one 
dimensional; there are no gradients parallel to the membrane plane. The “base case” 
described in this planar model chapter is the numerical model results based on these input 
values as a function of overpotential. 
 
The geometric parameters are similar to Eirich [2] but with the assumed planar slit-pore 
geometry. The thickness of the catalyst layer is 25 µm. The widths of each of the three 
phases in the model are set by the volume fractions of the three phases in the experiments 
and a typical pore dimension of 50 nm. For these conditions, w = 50.0 nm, l = 39.7 nm, 
and c = 48.7 nm. The results here are not affected by large changes in pore size, w. 
 
The solid line in Figure 3.2 shows the variation of overpotential throughout the catalyst 
layer for the base case conditions at a current of 0.50 A/cm
2
. The proton flux is 
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proportional to the slope of the overpotential; so the slope of the solid line in Figure 3.2 is 
zero at the GDL where the proton flux is zero. At the membrane/catalyst layer interface, 
the overpotential displayed is the value set by the boundary condition, Equation (3.28). 
The overpotential is relatively constant, but slightly higher at the membrane. This small 
change indicates that proton transport resistance is relevant, but not a major factor in this 
fuel cell. Very high proton conductivity would result in a constant overpotential. The 
dimensionless constants demonstrate that proton conductivity is slow compared to gas 
diffusion ( po = 3.3x10
-4
 < Bi = 0.40) and fast relative to reaction rate ( po = 3.3x10
-4
 > 
  =3.4x10-9). 
 
The dashed line in Figure 3.2 shows the proton current at each location in the catalyst 
layer for the base case conditions at an external current of 0.50 A/cm
2
. The proton current 
is zero at the GDL as set by the boundary condition. A linear proton current curve would 
result from a constant reaction rate in Equation (3.7) as is approximately the case here. 
Since the reaction rate depends on oxygen concentration at the catalyst surface and 
overpotential, this suggests that both values are approximately constant. There is a slight 
curvature in the proton flux profile near the membrane. This is consistent with the small 
overpotential variation there, and therefore, rate change there. The maximum proton 
current is at the membrane interface. This maximum is the key result of all six equations 
since it equals the electron current in the external circuit. 
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Figure 3.2 Dimensionless overpotential (solid line) and dimensionless current (dashed 
line) at each location in catalyst layer for base case at external current of 0.50 A/cm
2
. 
Zero proton flux or current at the diffusion layer ( cz L   
0) is one boundary condition. 
The overpotential is specified at the membrane ( cz L  1) for another boundary 
condition. The predicted current (dashed line) at membrane is the key result of the model 
solution. 
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The solid line and the dotted line in Figure 3.3 show the oxygen concentration and water 
vapor concentration in the catalyst layer for the base case conditions at a current of 0.50 
A/cm
2
. The predicted concentrations are nearly constant. The mole fractions are plotted 
as deviations from the channel concentration,  CCHo ox x  and  CCHw wx x , because the 
gas mass transfer resistance in the CCL is low. The cathode channel concentration is the 
average of the inlet and outlet air stream which is 
CCH
ox =0.172 and 
CCH
wx =0.173. The low 
resistance is consistent with the slow reaction rate and slow proton conduction rate 
indicated by the dimensionless constants in Table 3.2 (  and po ). For boundary 
conditions, the molar fluxes at the membrane were set to zero and the molar fluxes at the 
diffusion layer were set using the mass transfer coefficients. The oxygen concentration 
throughout the CCL is lower than that of the channel value by about 0.06 mole fraction 
because of the GDL resistance. The decrease in oxygen is due to the consumption of 
oxygen by reaction. Water vapor is not generated by reaction since water generated by 
reaction is assumed to remain in liquid form (
Gf  is assumed to equal 0). 
 
The lines in Figure 3.4 show the proton current profiles for external currents ranging 
from 0.25 to 1.25 A/cm
2
. These current profiles are approximately linear for external 
currents less than 0.50 A/cm
2
, because the corresponding overpotential and concentration 
profiles are nearly constant. At low currents, the model can be approximated with 
Equation (3.33). 
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Figure 3.3 Concentration of oxygen (solid line) and water vapor (dotted line) at each 
location in catalyst layer for base case at external current of 0.50 A/cm
2
. These 
concentrations are displayed as deviations from the mole fraction of the feed gas in the 
channel. Channel mole fractions are 0.172 and 0.173 for oxygen and water vapor. 
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Figure 3.4 Dimensionless cathode catalyst layer proton flux (current) versus position for 
several different overpotential boundary conditions. The proton current at membrane 
interface ( cz L  1) equals the external electrical current. For base case conditions, the 
listed boundary conditions here are at external currents of 0.25 A/cm
2
, 0.50 A/cm
2
, 0.75 
A/cm
2
, 1.0 A/cm
2
, and 1.25 A/cm
2
. 
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Equation (3.33) is derived from the full model in three steps. First, model Equations 
(3.11) and (3.12) for the ionomer are converted into one second order equation. Second, 
the oxygen concentration variable is replaced with a constant concentration from the feed 
channel and flux boundary condition. Finally, the overpotential in the right hand side is 
assumed approximately constant and set equal to the boundary value as is shown on the 
right hand side of Equation (3.33). With these assumptions, the overpotential profile is 
quadratic and the proton current profile is linear. This simple model incorporates zero gas 
mass transfer resistance in the CCL, constant overpotential in the reaction kinetics, and 
Equation (3.29) for GDL mass transfer resistance. Equation (3.33) is labeled ‘Simple 
Model’ and compared to the base case in Figure 3.10. 
 
3.3.2 Planar Model Results in the Fuel Cell 
 
Predictions from the planar model of the catalyst layer can be used to predict PEMFC 
performance when the other voltage terms in the fuel cell are included. The equations that 
describe fuel cell voltage losses outside the CCL (Equations (3.34), (3.35), (3.36), and 
(A.1)) are the same as those in the Nanofiber Model (Equations (2.3), (A.1), (A.2), and 
(A.3)) except that they are modified to account for the actual proton flux and the 
dimensionless terms. Also, voltage losses in the anode are set to zero in the Planar CCL 
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Model (
ACL  = 0 in Equation (3.34)). The cathode catalyst layer losses are accounted for 
by 
L , which is the overpotential at the catalyst layer/membrane interface. The fuel cell 
voltage is calculated from Equation (3.34).  
 
L
cell oc con memV V V V         (3.34) 
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A simple model of the PEMFC was developed by calculating the first three terms on the 
right hand side of Equation (3.44). The open circuit voltage, ocV , was determined from 
the Nernst Equation, Equation (A.1), with ocV  = 1.188V for our base case and 0.50 
A/cm
2
. The Nernst Equation provides the ideal reversible thermodynamic potential of the 
combined anode and cathode reactions. Total contact resistance losses, conV , were based 
on a value from Berning and Djilali [23], 0.10 V/A/cm
2
. Membrane resistance losses, 
memV , were calculated using Ohm’s Law. These calculations are shown in Equations 
(3.34-3.36) and Table 2.2. 
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The transport properties, kinetic rate constants, and other properties necessary for this 
model are calculated from the correlations listed in Table 2.2. The correlations for the 
oxygen reduction reaction constants a and b and the exchange current density have been 
determined by experiments and are available in the literature. The exchange current 
density determines 
pk , the ORR rate constant, as described in Equation (3.2). A literature 
correlation for the effective catalyst surface area per gram of platinum  oA  was used to 
calculate ca , the effective surface area per planar surface area. Three of the correlations 
in Table 2.2, those for 
pk , conV , and memV , have geometric factors that convert the 
proton flux from an ionomer area basis ( l ) to a full membrane area basis  w l c  . The 
ionomer properties are for Nafion. 
 
The experimental data from Eirich [2] was compared to the results from the PEMFC 
Planar CCL Model in Figure 3.5. The data in column G of Table 2.6 was used here as 
model inputs as in Chapter 2. The planar model predicts the voltage well. The Nanofiber 
Model results are also plotted and they also predict the data well. For both model 
calculations, the mass transfer coefficient for oxygen flux across the GDL was set to 
0.254 cm/sec and it was based on the whole CCL cross section and not just on the gas 
phase fraction. The planar voltage results are based on a tortuosity of 1 for proton 
conduction and gas diffusion. The Planar CCL Model results are similar to the Nanofiber 
results because of the minimum tortuosity for proton conduction in all of the ionomer 
phase and the absence of anode losses. This compensates for the absence of high 
conductivity nanofibers in the planar geometry. The same Planar CCL Model voltage 
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results are also plotted with a tortuosity applied to the conduction and diffusion 
mechanisms and the same inputs. These voltages are labeled “Adjusted” and they result 
in a reduction in voltage performance. These tortuosities were approximated from the 
Bruggemann correlation by multiplying both the gas diffusivity and ionomer conductivity 
by the phase volume fraction to the negative 0.50 power [65, 66]. Specifically, proton 
conductivity was lowered by a factor of 1.87 and gas diffusivities were lowered by a 
factor of 1.66. Equation (3.37) demonstrates how the tortuosity ( ) for the effective 
proton conductivity is calculated. To maintain simplicity and consistency with the planar 
geometry, these tortuosity adjustments were not used in this planar model except for 
Figure 3.5. The model results appear similar to other experiments. As with the Nanofiber 
model the effect of the oxygen mass transfer coefficient in the GDL is strong and a 
different value would change the model results here. 
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  (3.37) 
 
3.3.3 Planar Model Parametric Studies 
 
Four rate mechanisms within the catalyst layer were investigated to determine their effect 
on overall PEMFC performance: (1) gas diffusion, (2) ionomer diffusion, (3) proton 
conduction, and (4) reaction rate. An alternate description of these rates is given in 
Appendix F. Figure 3.6 shows how the performance curves shift when each of these 
mechanisms is enhanced to a limiting case. Fast gas diffusion (“infinite diffusivity”) was 
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Figure 3.5 PEM fuel cell voltage performance versus current for Planar model, Adjusted 
model, Nanofiber model, and experiment (circles) [2]. The Planar model and Adjusted 
model are identical except that a Bruggemann type tortuousity was applied to IK  and 
G
onD  in the Adjusted model. 
 
 
 
 
 
139 
 
simulated by running the base case with parameter Bi  arbitrarily high. Fast ionomer 
diffusion (“infinite diffusivity”) was simulated by running the base case with each of the 
parameters,  , po , and Bi , very small; in the model this was done by setting the 
oxygen diffusivity in the ionomer to an arbitrarily high value. Fast proton conduction was 
simulated by running the base case with parameter po  arbitrarily high. Fast reaction rate 
was simulated by running the base case with parameter   arbitrarily high. The curves 
resulting from these calculations are presented in Figure 3.6. The thermodynamically 
ideal (reversible) case is also plotted showing performance as if no mechanism limited 
performance. All the cases here are limited to a maximum current less than 1.40 A/cm
2
 
because of the GDL mass transfer coefficient selected. For the conditions investigated, 
the base case, the high gas diffusivity case, and the high ionomer diffusivity case all 
result in identical polarization curves. These results confirm the analysis of Figure 3.2 
and 3.3 where it was noted that mass transfer resistance for oxygen and water vapor in 
the CCL were negligible. The infinite proton conductivity ( po ) case shows a significant 
performance increase over the base case particularly at high currents. The infinite 
reaction rate    case shows a very large performance increase over the base case. These 
results demonstrate that the mechanism that has the most potential for improvement is the 
reaction rate. 
 
The curve labeled   in Figure 3.6 has the highest voltage of the high rate cases. 
This represents a case where each diffusing oxygen molecule is immediately consumed 
upon reaching the catalyst plane due to a fast reaction. The voltage losses are represented 
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Figure 3.6 PEM fuel cell voltage performance versus current for planar model with 
infinite reaction rate ( ), infinite proton conductivity ( po  ), infinite ionomer 
O2 diffusivity (
I
oD  ), infinite gas O2 diffusivity ( Bi  ), and base case. For the 
cases labeled with an infinite rate, only that one rate was manipulated while holding 
others constant at the base case value. The two infinite diffusivity curves are equivalent 
to the base case curve. 
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by the vertical distance between the upper horizontal “Reversible” line and the   
line. These losses increase linearly with current since the remaining three CCL 
mechanisms are approximately linear. The other improved high rate case is labeled 
po  . In this case, proton conductivity is so high that there is no voltage loss due to 
proton current resistance. For the same reason, there is also no reduction in the magnitude 
of the overpotential so that the reaction rate will not tend to decrease close to the GDL. 
 
The base case and previous cases were based on a pressure of 273 kPa (2.7 atm) in the 
PEMFC and both feed gas streams. The numerical results for the same base case and a 
new case at 170 kPa (1.7 atm) are presented and compared in Figure 3.7. The 
performance at 170 kPa (1.7 atm) is inferior since the partial pressure of oxygen and 
hydrogen are lower and this results in a lower open circuit voltage (this is difficult to see 
here). There is also a substantial efficiency penalty at 170 kPa (1.7 atm) due to the lower 
concentration of oxygen at the catalyst surface where the reaction is first order in oxygen. 
That is, the slower ORR rate reduces cell voltage. The reduced pressure changes the mass 
transfer resistance in the GDL and this limits the maximum current to below 0.8 A/cm
2
. 
 
The effect of gas mass transfer ( Bi ) on fuel cell performance is shown in Figure 3.8 
where the base case is Bi =0.4. If the gas mass transfer resistance in the base case is 
decreased by a factor of 10, the voltage performance does not improve. If the gas mass 
transfer resistance in the base case is increased by a factor of 10, the voltage performance 
is reduced by a small amount. This confirms that CCL gas mass transfer resistance has a 
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Figure 3.7 PEM fuel cell voltage performance versus current for planar model with the 
base case pressure of 2.7 atm and a lower pressure at 1.7 atm.  
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Figure 3.8 PEM fuel cell voltage performance versus current for planar model with base 
case gas mass transfer resistance (Bi = 0.4), lower resistance (Bi > 0.4), and higher 
resistances (Bi = 0.004, 0.0004, and 0.00004). The curves are equivalent for gas mass 
transfer resistance equal to or less than that of the base case. 
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negligible effect for the base case. The small values of   and po  versus Bi  (Table 3.2) 
also indicate that gas mass transfer resistance is negligible. 
 
The effect of varying ionomer mass transfer resistance is displayed in Figure 3.9. This 
resistance also has a negligible effect for a 10 fold decrease and a small negative effect 
for a 10 fold increase (10% Base). Therefore, ionomer mass transfer resistance is not 
relevant for the base case here. The characteristic ionomer diffusion rate is incorporated 
in the denominator of the three dimensionless numbers Bi ,  , and po . The resistance 
changes are labeled on the figure in terms of oD , the diffusivity of oxygen in the 
ionomer. The magnitude of the Biot Number (0.4) suggests that the ionomer mass 
transfer resistance is within an order of magnitude of the gas mass transfer resistance. 
 
Equation (3.33) is a simple analytical model that was developed to explain the linear 
proton flux in Figure 3.4. This simple model applies for constant oxygen concentration in 
the CCL and relatively slow ORR kinetics. The results presented above indicate that the 
oxygen diffusion mass transfer resistance is negligible for conditions similar to the base 
case. The curve labeled “Simple Model” in Figure 3.10 was developed by calculating the 
right hand side of Equation (3.33) for 
L b   and solving the differential equation 
while assuming the right hand side remains constant (slow kinetics). The overall cell 
voltage was calculated from Equations (3.34-3.36). This simple model is only a good 
approximation of the fuel cell performance under a current of 0.25 A/cm
2
. Because the 
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Figure 3.9 PEM fuel cell voltage performance versus current for planar model with base 
case ionomer mass transfer resistance ( oD  = Base), lower resistance ( oD  greater), and 
higher resistance (10%, 1%, 0.1%). The curves are equivalent for ionomer mass transfer 
resistance equal to or less than that of the base case. 
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Figure 3.10 PEM fuel cell voltage performance versus current for planar model with base 
case conditions and the simplified model for the same conditions. The simple model has 
zero gas mass transfer resistance in the CCL and constant overpotential in the kinetic 
terms. The simple model is given by one equation, Equation (3.33). 
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curves in Figure 3.4 tend to be nonlinear at the membrane, an average or a more 
characteristic overpotential would be needed to improve this simple model. 
 
3.4 Conclusions 
 
A new planar geometry for the cathode catalyst layer of a proton exchange membrane 
fuel cell was defined and modeled. The path length for proton transport in the planar 
geometry is shorter than that in the realistic geometry, where tortuosity is 1.87, and that 
reduction causes a performance enhancement. The Planar Model does not include the 
benefit of high conductivity nanofibers in the CCL and does not include the losses in the 
anode catalyst layer. 
 
Three dimensionless constants were discovered when the planar model equations were 
converted to non-dimensional form. These constants are ratios of the four fundamental 
rates: reaction, proton conduction, gas mass transfer, and ionomer mass transfer. The 
magnitudes of the constants provide information about the cathode catalyst layer without 
a solution of the model equations. The very small value of the constant   (3.4x10-9) 
confirms that the slow reaction rate is the dominant limitation in the cathode catalyst 
layer. The intermediate value of the constant po  (3.3x10
-4
) confirms the secondary 
significance of the proton conduction rate.  This number, po , could not be located in the 
literature [67, 68] as a known non-dimensional number. 
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A complete solution of the six model equations and several parametric studies 
demonstrated that the gas mass transfer resistance in the planar cathode catalyst layer is 
negligible. An artificial increase of gas mass transfer resistance of ten times produced 
only a small performance penalty. Ionomer mass transfer resistance was negligible in the 
same manner.  
 
A full fuel cell model was developed so that the results could be compared to 
experimental data. Correlations were added for the voltage terms outside the cathode 
catalyst layer: the reversible open circuit voltage, the contact resistance losses, and the 
membrane current resistance losses. The differences between the Planar Model and a 
contemporary cathode layer are a non-ideal open circuit voltage, transport tortuosity, and 
the presence of nanofibers. The planar model can predict the PEMFC polarization data 
with proper selection of the oxygen mass transfer coefficient in the GDL. 
 
Planar CCL Model results are listed in Table 3.3 for the base case conditions of 0.43 mg 
Pt/cm
2
 in the CCL and two cases with 0.215 mg Pt/cm
2
 and 0.86 mg Pt/cm
2
 in the CCL. 
The platinum in these three cases was varied by changing the weight fraction of platinum 
in the carbon nanoparticles and holding the volume fraction of the three phases in the 
CCL constant. The weight fractions of platinum in the catalyst phase for the first three 
rows were 0.200, 0.110, and 0.338 respectively. One NFM case with the same platinum 
content and other inputs in listed in the fourth row for comparison. The Planar CCL 
Model base case performance is similar to the NFM comparison case but has better 
power at high currents and for the peak power. The NFM case has slightly better 
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performance for currents less than 1.0 A/cm
2
. The NFM has the benefit of 5% of the CCL 
ionomer in high conductivity nanofiber form whereas the Planar CCL Model has the 
benefit of zero anode catalyst layer losses and a minimum tortuosity of 1.0 for both 
proton conduction and gas diffusion. Platinum usage is relatively poor here for all four 
cases because of the higher diffusion resistance used in the GDL inputs. The advantages 
and disadvantages of the different models approximately cancel out during the 
comparison, but the NFM features are more realistic for a contemporary fuel cell. 
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Table 3.1 Summary of the Planar Model Equations in the Cathode Catalyst Layer 
MODEL EQUATIONS AND BOUNDARY CONDITIONS • 
 
Ohm’s Law in Ionomer 
p
d
N
d

   
Overpotential at Membrane (BC) 
 1 L b   
Proton Balance, O2 Ionomer Diffusion, Reaction Rate 
  0bp p ao po
po
dN dN
x e e
d d

  


  
       
  
 
No proton flux into GDL (BC) 
 0 0pN   
Conservation of Oxygen (gas phase) 
0
po po
dNdN
d Bi d

 
 
  
 
 
No flux of oxygen into Membrane (BC) 
 1 0oN   
Conservation of Water Vapor (gas phase) 
2 0
po pGw
dNdN
f
d Bi d

 
 
  
 
 
Mass transfer model for Water into Membrane (BC) 
   1 1w wa wN x  
 
Stefan-Maxwell model for Oxygen Diffusion and stagnant Nitrogen 
 1
G G
o on on
o w o w o o wG G
ow ow
dx D D
x x N x N x N
d D D
       
Mass transfer model for Oxygen through GDL (BC) 
    0 0CCHo oc o oN x x   
 
 
Stefan-Maxwell model for Water Vapor Diffusion and stagnant Nitrogen 
 1
G G G
w on on on
o w w w o o wG G G
wn ow ow
dx D D D
x x N x N x N
d D D D
       
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Mass transfer model for water through GDL (BC) 
    0 0CCHw wc w wN x x   
• The diffusivities, G
ijD , used in these equations are ordinary diffusivities without corrections for 
cross sectional area or tortuosities. The dimensional and dimensionless fluxes in this planar 
model, 
k
iN  and iN , are actual fluxes and not superficial fluxes. 
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Table 3.2 Planar Model Parameters 
Symbols Definitions Base Value 
  
Damköhler’s Second Number, ratio of reaction rate to ionomer 
diffusion rate 
3.42x10
-9
 
po  
New Dimensionless Number, ratio of proton conduction rate to 
ionomer diffusion rate 
3.25x10
-4
 
b a  Ratio of two Butler-Volmer rate constants, equations in Table 2.2 0.50 
Bi Biot Number, ratio of gas diffusion rate to ionomer diffusion rate 0.403 
Gf  Fraction of created water that becomes gas 0.0 
wa  Dimensionless mass transfer coefficient through membrane for H2O 0.0 
G G
on owD D  Ratio of binary gas diffusivities, O2 in N2 and O2 in H2O 0.78 
oc  Dimensionless mass transfer coefficient through GDL for O2 0.0152 • 
G G
on wnD D  Ratio of binary gas diffusivities, O2 in N2 and H2O in N2 0.71 
wc  Dimensionless mass transfer coefficient through GDL for H2O 0.0189 • 
• The mass transfer coefficients used in these equations represent higher resistance than 
in the NFM because of the smaller cross section (w) and despite the same dimensional 
value (0.63 and 0.78 cm/sec). 
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Table 3.3 Planar CCL Model Results 
Case •  
 
Volts at 1.0 
A/cm
2
 
Peak Power 
W/cm
2
 
g/kW at Peak 
Power • 
A/cm
2
 at 
Peak Power 
Planar Base Case 
with 0.43 mg 
Pt/cm
2 
CCL 
0.556 0.592 0.896 1.222 
Planar Case with 
0.215 mg Pt/cm
2 
CCL 
0.540 0.587 0.536 1.167 
Planar Case with 
0.86 mg Pt/cm
2 
CCL 
0.566 0.624 1.539 1.255 
NFM Compare 
Case with 0.43 mg 
Pt/cm
2 
CCL 
0.557 0.574 0.924 1.138 
DOE 2015 
Targets[69] 
 1.000 0.125  
• In each case here an additional 0.10 mg/cm2 of Pt was included for the anode catalyst 
layer while calculating the g/kW peak power. The mass transfer resistance in the GDL is 
greater here than in Chapter 2 because of the reduced cross section (w). 
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Table 3.4 Base Case Input Values for Planar CCL Model 
Symbols       Value 
 Relative humidity or activity in channel (anode and cathode) 1.00 
 CCL thickness, cm 0.0025 
 Membrane thickness, cm 0.0051 
 Platinum loading in cathode catalyst layer per area, mg/ cm
2
 0.43 
 Reference exchange current density, A/cm
2
 2.71x10
-8
 
 
Reference oxygen concentration , mol/ cm
3
 7.25x10
-6
 
PtC Weight fraction Pt in carbon and platinum solid 0.2 
 Resistance voltage loss per A/cm
2
 for interface contact, Ωcm2 0.10 
T Isothermal temperature of PEMFC CCL, °K 353.15 
 Pressure at CCL to GDL interface, atm(a) 2.701 
 Mole fraction water vapor in cathode channel 0.173 
 Mole fraction oxygen in cathode channel 0.174 
 Mass transfer coefficient across cathode GDL for water vapor, 
cm/sec 
0.78 
 Mass transfer coefficient across cathode GDL for oxygen, cm/sec 0.63 
 Mass transfer coefficient across anode for water vapor, cm/sec 0.0 
 Volume fraction of catalyst (C+Pt) phase in CCL 0.352 
 Dry volume fraction of ionomer phase in CCL 0.286 
   
  
wa
cL
mL
Ptm
ref
oi
ref
oC
conR
oP
CCH
wx
CCH
ox
wc
oc
wa
C
o
I
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Chapter 4. Ideal Fiber Model of the Proton Exchange Membrane Fuel Cell 
 
4.1 Introduction 
 
Mathematical models of PEMFC behavior have generally been used to explain, predict, 
and optimize fuel cell operation [18, 21-25, 28, 30-33, 41, 44, 51, 54, 55, 59, 65, 70-78]. 
Some models have been offered to substantially change PEMFC design [19, 48]. The 
results in this chapter suggest a novel new design that, if fabricated, would eliminate or 
minimize five of the six barriers to PEMFC performance, which have been identified in 
the CCL.  The CCL is the component of the PEMFC with the most significant fuel cell 
performance power losses [9]. Many of the mechanisms and components in this model 
are similar to those in the NFM in Chapter 2. A substantial effort would be necessary to 
fabricate a PEMFC with this custom engineered nanogeometry in the CCL. This 
numerical study provides guidance concerning the benefits available following such an 
effort.  
 
Figure 4.1 is a schematic of a PEMFC showing all of its primary components and fluxes. 
The CCL component is expanded in the figure and is the only component unique to the 
Ideal Fiber Model (IFM) geometry considered in this chapter. This is not an existing CCL 
geometry, but is proposed to improve performance.  
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Figure 4.1 Schematic diagram of Proton Exchange Membrane Fuel Cell (PEMFC) 
illustrating the transport of each species and each layer. The unique cathode catalyst layer 
(CCL) structure, an Ideal Fiber Model (IFM) geometry, consisting of parallel cylinders of 
carbon surrounded by an ionomer layer, is proposed here. 
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A detailed explanation of the normal components and mechanisms within a PEMFC is 
provided in Chapters 1 and 2 and elsewhere [8]. The description here in  
Chapter 4 incorporates a discussion of the ideal fiber geometry. Protons released by the 
anode reaction conduct through the ionomer membrane and then continue to conduct 
through the outer ionomer shell of the cylinders in the CCL, where they are consumed by 
reaction at the catalyst interface. Oxygen gas diffuses from the cathode gas diffusion 
layer (GDL) and into the void space of the cathode catalyst layer (CCL). The oxygen is 
absorbed into the ionomer at the cylinder surfaces and diffuses inward to the ionomer-
catalyst interface, where it is consumed by reaction. Electron conduction occurs through 
the carbon phase of the cathode GDL and then into the inner carbon cylinders in the 
CCL, where they are consumed by reaction at the ionomer-catalyst interfaces in the CCL. 
 
4.2 Model Characteristics 
 
In principle, the following items associated with the CCL could reduce PEMFC 
performance: 
 Slow ORR kinetics due to low catalyst activity or quantity (surface area per gram) 
 Slow ORR kinetics due to liquid water blocking CCL catalytic reaction sites 
 Slow proton conduction due to low ionomer conductivity  
 Slow proton conduction due to high ionomer tortuosity (excess path length) 
 Slow oxygen diffusion due to high gas tortuosity (excess path length) 
 Slow oxygen diffusion due to liquid water barriers in the CCL 
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All of the losses associated with these items are improved in the IFM geometry proposed 
in the CCL, except for the first item, the intrinsic ORR catalytic activity.  
 
The IFM CCL geometry consists of a regular array of parallel cylinders, which are 
perpendicular to the membrane as displayed in Figure 4.1. The region outside and 
between these cylinders is filled with gas and only gas (oxygen, nitrogen, water vapor). 
Each cylinder consists of an inner carbon cylinder of radius cr  that is surrounded by an 
even layer of ionomer. The metallic catalyst consists of fragments of platinum at the 
interface between the ionomer and carbon as in a contemporary PEMFC. The IFM CCL 
design addresses the losses listed above as follows: 
 The small characteristic length and consistent hydrophobic ionomer surface will 
prevent liquid water from forming in the CCL and blocking reaction sites at the 
expected relative humidity levels; contact angle of Nafion exceeds 99° for water 
activity less than 1.0 [70] 
 The high proton conductivities discovered for nanofibers of Nafion [40] are 
applied because of the nanofiber-like ionomer dimensions 
 Proton conduction will occur at the minimum ionomer tortuosity of one 
 Ordinary oxygen gas diffusion will occur at the minimum gas tortuosity of one 
 Liquid water will not form barriers to oxygen diffusion in the CCL because of the 
hydrophobic environment previously mentioned 
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4.3 Voltage Profiles in the Ideal Fiber PEMFC 
 
All of the components outside the CCL are consistent with a contemporary PEMFC 
design and were modeled using the NFM from Chapter 2. The electrical conductivity of 
the inner carbon cylinders in the CCL is high enough that the voltage gradients in the 
electron conducting phase of the CCL is negligible; voltage loss would be 4x10
-6
 V for 
1.0 A/cm
2, 10 μm length, 0.335 carbon volume fraction, and 727 S/cm [28]. The cell 
voltage is given by Equation (2.3) in Chapter 2 in which only the overpotential at the 
membrane-CCL interface is unique to the IFM. 
 
In this chapter, the overpotential in the ACL at the membrane-ACL interface (
ACL ) is 
based on an ACL thickness of 0.0010 cm and anode platinum loading of 0.0529 mg/cm
2
. 
The same 
ACL  results were used for all polarization curves in this chapter: 13.4 mV at 
0.5 A/cm
2
, 20.1 mV at 0.75 A/cm
2
, 26.7 mV at 1.0 A/cm
2
, 39.6 mV at 1.5 A/cm
2
, and 
51.8 mV at 2.0 A/cm
2
.  
 
4.4 Cathode Catalyst Layer (CCL) Voltage Loss Calculation in IFM Geometry 
 
4.4.1 Balance Equations for CCL IFM 
 
The balance equations for protons, oxygen, and water vapor in the CCL and the boundary 
conditions associated with those balance equations are identical to those presented in 
Chapter 2, Equations (2.4) through (2.9). 
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4.4.2 Multi-component Gas Diffusion Constitutive Equations for IFM 
 
The three multi-component diffusion equations for the gas phase in the CCL and the 
boundary equations associated with them are identical to those presented in Chapter 2, 
Equations (2.15) through (2.20). However, several parameters are coupled to the effective 
diffusivities and are calculated much differently. Specifically, the swelling of ionomer, 
distribution of water, and all tortuosities are determined differently. 
 
The effective diffusivities here equal the CCL gas volume fraction multiplied by the 
diffusivity and divided by the tortuosity. The equations used to calculate the diffusivities 
and other values needed in the model are listed in Table 2.2. The mean gas pore diameter 
in the CCL is needed for the Knudsen diffusivity and is calculated from four times the 
transport cross section area divided by the total perimeter of the transport cross section. 
The tortuosity for Knudsen diffusion outside parallel cylinders is 0.54 and for ordinary 
diffusion is 1.0 [79]. The Knudsen terms in Equations (2.15), (2.16), and (2.19) are 
insignificant if 
G
iKD  is much larger than the ordinary gas diffusivities. This would occur if 
the mean free path of the gas molecules is much smaller than the pore diameters. As with 
the NFM, there is no significant gas convection in this model. The transport of water 
from the CCL to the cathode GDL in the IFM geometry will differ from that of a 
contemporary PEMFC since there is no capillary pressure and no free liquid water in the 
ideal fiber CCL. An alternate GDL design or gravity assistance may be required. 
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4.4.3 Combined ORR Kinetics and Ionomer Diffusion 
 
Three of the mechanisms in the IFM are combined into one sub-model equation. These 
three are (1) convection of oxygen from the bulk gas to the surface of the ionomer-carbon 
cylinders, (2) diffusion of oxygen from the cylinder surface through the ionomer to the 
catalyst reaction site, and (3) the ORR catalytic reaction. This convection (1) and 
diffusion (2) are perpendicular to the cylinders. 
 
Positively charged protons conduct down a voltage gradient in the ionomer at every 
location in the CCL and negatively charged electrons conduct up a voltage gradient in the 
inner carbon cylinders at every location in the CCL. The voltage gradients in the ionomer 
are losses due to Ohmic resistance and they reduce the cell voltage. At the effective 
platinum surface the electrochemical reaction occurring sets the voltage difference 
between the two phases. The surface overpotential    is defined by Equation (2.1) and 
it is the voltage driving force for electrochemical reactions [52].  
 
As with the NFM, the kinetics of the ORR are described by the Butler Volmer equation 
[52], Equation (2.2). Equation (2.2) is reduced to the Tafel form as in the NFM since the 
anodic term is insignificant in the CCL because of the magnitude of the overpotential: 
 
II
pref o b
o ref ref
o p
cc
i i e
c c
  
     
  
     (4.1) 
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The kinetics are first order in oxygen concentration and proton concentration [58]. The 
exchange current density at reference proton concentration, ref
pC , and reference dissolved 
oxygen concentration, 
ref
oC , is 
ref
oi . 
ref
oC , 
ref
oi , and b are available from published 
experiments [29, 59]. The dissolved oxygen concentration is 
I
oC  and the proton 
concentration is I
pC . Equation (4.1) is further simplified by defining a rate constant, k, 
and recognizing that the proton concentration is inversely proportional to ionomer 
swelling. 
 
 
ref I b
ref Io o b
w oref
o w w
i C e k
i s C e
C s s



   
    
   
    (4.2) 
 
 
ref
refo
wref
o
i
k s
C
 
  
 
     (4.3) 
 
The factor ws  is the ratio of swollen ionomer volume to dry ionomer volume. 
ref
ws  is the 
swelling ratio for the reference exchange current density. A value of 1.10 was chosen for 
ref
ws . 
 
The volumetric oxygen consumption, oR , is determined from Equation (4.2) and the 
ionomer oxygen concentration at radial location cr r  as follows.  
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   
1 1 1 1
2 4 4
I b
o ORR o Pt o c o Pt
c w c
k
R R iA m C r e A m
L F s L F

       (4.4) 
 
The electrical current density at the platinum catalyst surface, Equation (4.2), divided by 
4F equals the oxygen reaction rate per platinum surface, 4i F . The oxygen rate per 
platinum surface multiplied by the platinum surface per gram of platinum oA  equals the 
oxygen rate per gram of platinum. The oxygen rate per gram of platinum multiplied by 
the grams of platinum per membrane area of CCL in cm
2
, 310 Ptm

, equals the oxygen 
rate per membrane area. That result multiplied by the cell area per cell volume, 1 cL , 
equals oR  where oR  is positive. As in Chapter 2, the rate oR depends on overpotential and 
is first order in oxygen concentration.  
 
The concentration of oxygen at the ionomer-platinum surface in Equation (4.4) must be 
expressed in terms of the oxygen mole fraction in the gas, 
ox . Fick’s Law for radial 
oxygen diffusion in the ionomer with a one-dimensional cylindrical geometry and 
coordinate r is: 
 
,
I
I I o
o r o
dC
N D
dr
        (4.5) 
 
I
oD  is the diffusivity of oxygen in the ionomer. The oxygen balance within the ionomer 
cylinder shell is: 
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 , ,
I I
o r c o r crN r N r       (4.6) 
 
Substituting Equation (4.6) into Equation (4.5) and integrating results in the following: 
 
   
 ,
ln
I
c o r cI I I
o I o c I
co
r N r r
C r C r
rD
     
 
    (4.7) 
 
Ir  and cr  are the radii of the cylinder exterior and inner carbon interface respectively. An 
expression with a mass transfer coefficient, 
o , describes the convection of oxygen 
through the gas film surrounding the cylinder exterior. 
 
    ,I o Io r I o o o I oN r C K C r x        (4.8) 
 
oK  is the partition coefficient for equilibrium oxygen distribution between the ionomer 
and gas. Equations (4.7) and (4.8) are combined to eliminate the unknown intermediate 
concentration of oxygen at the cylinder exterior. 
 
   ,
ln
1
I
cI Io
o c c o r c o I
o I o o o
r
rx
C r r N r
K r C K D
  
       
 
  
    (4.9) 
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The oxygen flux at the carbon surface is related to the volumetric oxygen consumption, 
1
2
ORRR , and  the center-to-center distance of the cylinders, l , as follows. 
 
  2 ,
1
2
2
I
ORR o r c cR l z N r r z         (4.10) 
 
The oxygen diffusion through the outer ionomer layer has been described here in terms of 
an ideal one-dimensional geometry, but there are actually too few platinum catalyst 
particles to be spread evenly across the carbon cylinder surface. Therefore, the one 
dimensional diffusion equation will be modified with a factor, x , for the increased 
diffusion path length. The average path length will be assumed to be three times the 
ionomer thickness, x = 3.0. Equation (4.10) is substituted into Equation (4.9) and the 
factor, x , is inserted as follows. 
 
 
 2 ln
1
4
x I
cIo ORR
o c o I
o I o o o
r
rx R l
C r
K r C K D


  
          
   
  
   (4.11) 
 
Equation (4.4) is substituted into Equation (4.11) to eliminate the ionomer oxygen 
concentration variable as follows. 
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   (4.12) 
 
This equation associates the oxygen gas concentration, the reaction rate, and the 
overpotential directly and the water vapor concentration and pressure indirectly through 
the swelling and ionomer outer radius. Equation (4.12) differs from the NFM equation, 
Equation (2.36), because oxygen is not consumed as it diffuses through the ionomer and 
because of the cylindrical geometry. 
 
4.4.4 Proton Conduction 
 
Protons conduct through the CCL due to the potential gradient. Unlike the NFM, there is 
only one path for conduction and one ionomer conductivity in the Ohm’s Law equation: 
 
1 1I eff fI
p f
d d
N K
F dz F dz
 

       (4.13) 
 
The superficial flux of protons is I
pN , the effective proton conductivity is 
effK , and the 
total volume fraction of ionomer in the CCL is I . The proton conductivity within the 
ionomer is given by f  and this is based on the conductivity of the nanofiber form of 
Nafion as demonstrated by experiment [40]. For this reason, the same correlation for f  
that was used in the NFM was used for f  here, Equation (2.14). This f  is greater 
than the known conductivity of bulk ionomer. The IFM ionomer fiber here is a hollow 
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cylinder; therefore, its diameter is calculated from four times the conduction cross section 
area divided by the total perimeter of that cross section (equivalent diameter). The 
tortuosity of the ideal fiber proton conduction pathway is f  and this equals 1.0 due to 
the geometry of the IFM. In deriving Equation (4.13) the differential of the ionomer 
voltage, I  was replaced with the negative of the differential of the overpotential 
because the potential and catalyst phase voltage terms in Equation (2.1) are constant. 
 
A constant overpotential was used as a boundary condition for Equation (4.13) as in 
NFM Equation (2.13). 
 
4.4.5 Distribution of Water between Ionomer and Gas in CCL 
 
The Kelvin Equation may be used to determine the water vapor partial pressure at which 
condensation will occur as a function of pore size and pore wall surface energy. The 
Kelvin Equation applies to the inside of a cylindrical pore. The geometry that applies to 
the IFM is the gas volume between regular arrays of parallel cylinders. A modified 
version of the Kelvin Equation was derived for the IFM geometry and supplies the 
following condition for a liquid free CCL. 
 
 
 2 2
ˆ2
ln i w Iw
I
V r
a
RT l r
 

 
 
  
   (liquid free)  (4.14) 
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Here, wa  is the water activity at which there will be no liquid water present (1.88 for IFM 
base case). The cylinder surface energy is i  which equals -0.0074 N/cm for Nafion 
(96.8° contact angle) at wa = 1.88. The water molar volume is ˆwV , and the outer radius of 
the ionomer cylinders is Ir . This modified Kelvin Equation confirms the absence of 
liquid in the CCL because water activity is much less than 1.88. 
 
At each position, z, the fraction of water created by the ORR, which enters the gas phase 
is given by the variable 
Gf . 
Gf  appears in the water vapor balance equation, Equation 
(2.8). The rates of water vaporization from the ionomer and water absorption into the 
ionomer are assumed to be fast enough that the water distribution between these two 
phases is at equilibrium at each location, z, in the CCL. At steady state, the water 
produced by the ORR is assumed to enter each phase according to the equilibrium 
distribution, which results in Equation (4.15). 
 
 
0
G w G
I I
w G
I
x
f
RT
x
P MW

 
 

 
 
 
    (4.15) 
 
Lambda ( ) is the ratio of the moles of water within the ionomer to the moles of sulfonic 
acid anions. In this model,   is determined from the equilibrium expression listed in 
Table 2.2. The equivalent weight of the ionomer is IMW . The dry ionomer density and 
dry ionomer volume fraction are I  and 
o
I , respectively. For 1.0 A/cm
2
, and the IFM 
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base case defined by Table 4.2, 
Gf  is small and almost constant; it varies from 0.000661 
at the CCL-GDL interface to 0.000660 at the membrane-CCL interface.  
 
4.4.6 Swelling of Ionomer in the CCL 
 
The ionomer in the CCL swells due to water absorption and that swelling is not 
constrained in the IFM geometry. The swelling parameter ws  is a ratio of the volume of 
swollen ionomer to ionomer volume at a water activity of 0.0. The ionomer volume 
swelling due to water content is proportional to the ratio of the molar volumes of water (
ˆ
wV =18.52 cm
3
/mol) and Nafion 117 ( ˆ
IV  =555.6 cm
3
/mol) [46]: 
 
ˆ
1
ˆ
w
w
I
V
s
V

        (4.16) 
 
Greater ws  affects the CCL model equations by increasing I  and decreasing both G  
and proton concentration. There is no liquid water phase considered. The first part of 
Equation (4.17) is based on the definition of swelling. 
 
1oI w I c Gs            (4.17) 
 
The catalyst volume ( c ) is fixed so that ionomer swelling reduces void volume ( G ). An 
increase in ws  increases diffusional resistance in the CCL, decreases the ORR rate 
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through the proton concentration, and increases the effective proton conductivity. For 1.0 
A/cm
2
 and the model case defined by Table 4.2, ws  is constant at 1.24 across the CCL. 
The effective transport properties are proportional to the cross section of transport, which 
is proportional to G  for gas diffusion and to I  for proton conduction. Water activity, 
ionomer concentration, swelling, and ionomer volume fraction in the CCL are all 
functions of the water vapor mole fraction, which is one of the eight CCL independent 
variables. 
 
4.4.7 Summary of CCL IFM 
 
The eight IFM CCL equations are Equations (2.4), (2.6), (2.8), (4.13), (2.15), (2.16), 
(2.19), and (4.12). These contain seven first order derivatives and the seven boundary 
conditions for these are Equations (2.5), (2.7), (2.9), (2.13), (2.17), (2.18) and (2.20). The 
pressure at the CCL-GDL interface, Equation (2.20), and the overpotential at the 
membrane-CCL interface, Equation (2.13), are inputs to the calculation. The input values 
used in the PEMFC model were taken from the correlations listed in Table 2.2 and, for 
the base case, the representative values listed in Table 4.2 (shown at end of chapter). 
 
4.5 Numerical Solution Procedure for IFM for Overall Fuel Cell Performance 
 
A PEMFC polarization (cell voltage versus current density) curve is determined from this 
model as follows. The selection of one value of 
L  enables one complete solution of the 
eight CCL model equations. Then, the fuel cell current is obtained from the proton flux at 
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the membrane-CCL interface,  Ip cN z L , multiplied by Faraday’s Constant. All of the 
other PEMFC voltage losses in Equation (2.3) and the open circuit voltage, ocV , are 
calculated from the fuel cell current, the anode overpotential listed in section 4.3, and the 
equations in Table 2.2. Then the fuel cell voltage is calculated from Equation (2.3). This 
sequence is repeated for several 
L  until a polarization curve of fuel cell voltages and 
currents is obtained. Overpotentials must be negative and have a smaller magnitude than 
ocV  and result in a positive cell voltage. 
 
The complete IFM of the cathode catalyst layer was solved using the Galerkin finite 
element method with Newton iteration. First, the CCL model equations and boundary 
conditions were converted to dimensionless form. Then the nonlinear system of algebraic 
equations arising from the Galerkin finite element method were solved iteratively using a 
Jacobian and Newton’s Method until the average of the sum of squared residuals was less 
than 10
-9
. The Jacobian was fully analytical. The one dimensional domain was divided 
into 96 equally spaced elements and the same quadratic functions were used for the basis 
and weighting functions. The model was programmed in MatLab. The polarization curve 
for the base case consists of fifty points and each point required a complete model 
solution.  
 
4.6 IFM Results in the CCL 
 
The IFM for the PEMFC was solved for a base case consisting of the inputs listed in 
Table 4.2, the geometry in Figure 4.1, and a cell current of 1.0 A/cm
2
. The NFM from 
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Chapter 2 was also solved using comparable inputs and a contemporary fuel cell 
morphology (nanogeometry) for a comparison to the IFM results. The NFM is different 
than recent PEMFC models in that the behavior of ionomer nanofibers with high proton 
conductivity is incorporated into the NFM CCL model. Two NFM cases are displayed: 
one with 5% of the ionomer in the CCL in the form of nanofibers and one with 0% 
nanofibers. The case without nanofibers should more closely represent other recent 
PEMFC models with a contemporary design; however, the actual CCL in a PEMFC 
contains nanofibers. The only model to include the effect of nanofibers in a PEMFC is 
the NFM used here. The profiles of reaction rate, overpotential, oxygen concentration, 
and proton flux are plotted in Figures 4.2, 4.3, 4.4, and 4.5 for all three cases. 
 
Figure 4.2 compares the oxygen reduction reaction (ORR) rate throughout the CCL for 
the base ideal fiber case to the NFM 0% nanofiber case and NFM 5% nanofiber case at a 
cell current of 1.0 A/cm
2
. For the base case, the reaction rate does not change 
significantly throughout the CCL; it has a maximum reaction rate within 1.7% of the 
minimum rate. For the 0% nanofiber case, however, the maximum reaction rate at the 
membrane was 129% higher than that of the minimum rate at the GDL. The 5% 
nanofiber case profile has a maximum reaction rate at the membrane that is 59% higher 
than that of the minimum rate at the GDL. The variation in rate results in inefficiency 
because of the reduced utilization of catalyst near the GDL. The total integrated rate 
across the CCL in each case was fixed at 1.0 A/cm
2
 by varying the parameter 
L  in the 
boundary condition. For the NFM cases, the low rate at the GDL and interior of the CCL 
was balanced by a high rate near the membrane.  
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Figure 4.2 Reaction rate variation within the CCL of the fuel cell in terms of the 
volumetric consumption of oxygen for the IFM base case and two NFM cases (0% and 
5% nanofibers) at a cell current of 1.0 A/cm
2
. 
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Figure 4.3 shows the overpotential throughout the CCL for all three cases. The 
overpotential at the membrane-CCL interface is a model input and a boundary condition, 
which was selected so that each case would have a 1.0 A/cm
2
 cell current. The value of 
the overpotential decreases from the membrane to the GDL for each case, however, the 
overpotential for the base case was approximately constant. The change in overpotential 
from GDL ( 0z  ) to membrane ( cz L ) is due to the Ohmic losses of the proton current. 
The effective proton conductivity was much higher for the IFM base case compared to 
the 0% and the 5% fiber NFM cases. For the 5% fiber case, 5% of the ionomer 
conductivity was based on experimental measurements on Nafion nanofibers [40]. For 
the IFM case, the nanofiber proton conductivity experimental values were used for all 
ionomer because of the similar small ionomer dimensions and an improved tortuosity of 
1.0 was used because of the unique geometry. The increased effective proton 
conductivity resulted in a reduction of the overpotential slope when compared to the 
other cases. With lower conductivity, a larger overpotential was required at the 
membrane-CCL interface ( cz L ) to accelerate the ORR rate in order to compensate for 
the smaller overpotential elsewhere in the CCL. Overpotential equaled -0.437 V, -0.448 
V and -0.455 V at the membrane-CCL interface for the base IFM case, the 5% nanofiber 
NFM case, and 0% nanofiber NFM case, respectively. This corresponds to a loss of 
36.8%, 37.7%, and 38.3% of the total available reversible voltage, respectively. The 
larger overpotential near the membrane results in a higher ORR rate despite the lower 
oxygen concentration.  
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Figure 4.3 Overpotential throughout the CCL of the fuel cell for the IFM base case and 
two NFM cases (0% and 5% nanofibers) at a cell current of 1.0 A/cm
2
.  
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The oxygen mole fraction throughout the CCL is shown in Figure 4.4 for the same cases 
as in Figure 4.2. For each case, the oxygen concentrations are the same at the GDL 
 0z   due to identical boundary conditions and the oxygen concentrations have zero 
slopes at the membrane ( cz L ) due to identical no flux boundary conditions. The 
oxygen concentration decreases from the GDL to the membrane by 1.2%, 3.9% and 4.1% 
for the base IFM case, the 5% nanofiber NFM case, and 0% nanofiber NFM case, 
respectively. The ORR rate increases with both increasing oxygen concentration and 
increasing overpotential. In both NFM cases, the oxygen gradient is higher because the 
ORR rate at the GDL is lower than near the membrane. This occurs because the effect of 
low overpotential at the CCL-GDL interface is greater than the effect of higher oxygen 
concentration. Greater mass transfer resistance in the NFM gas also contributes to the 
greater oxygen concentration gradient. The lower oxygen concentration in the NFM cases 
correlate with the higher ORR rate near the membrane, i.e., the consumption of oxygen 
lowers the oxygen concentration. 
 
Figure 4.5 displays the proton flux throughout the cathode catalyst layer (CCL) of the 
fuel cell for the base IFM case, the 5% nanofiber NFM case, and 0% nanofiber NFM case 
at a cell current of 1.0 A/cm
2
. In each case, the flux increases from zero at the CCL-GDL 
interface to a maximum value at the membrane-CCL interface. The derivative of the 
overpotential in Figure 4.3 corresponds to the proton flux, which is shown in Figure 4.5. 
All of the protons entering the CCL enter at the membrane-CCL interface ( cz L ) and 
are consumed within the CCL by the ORR. In the center of the CCL, the cell current is a 
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Figure 4.4 Oxygen concentration throughout the CCL of the fuel cell for the IFM base 
case and two NFM cases (0% and 5% nanofibers) at a cell current of 1.0 A/cm
2
.  
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mixture of electron and proton current, but the proton current increases along the CCL 
until it reaches a maximum at the membrane, where it equals the total cell current. For the 
0% nanofiber NFM case, the reaction rate is higher near the membrane, which causes a 
more rapid reduction in the proton flux along the CCL. 
 
Fuel cell results (polarization curves) are shown in Figure 4.6 for the 0% nanofiber NFM 
case, 5% nanofiber NFM case, and IFM base case. The voltage performance is superior 
for the IFM geometry at all currents. The fuel cell power density (voltage times current 
density in Figure 4.6) is shown in Figure 4.7 for the same three cases. Power performance 
for the NFM and contemporary geometry increases as nanofiber content increases from 
0% to 5%, but the IFM has greater power than both NFM cases. Specifically, the peak 
power is 0.623, 0.640, and 0.676 W/cm
2
, respectively, for the three cases. The 
performance difference between the three cases is much greater at the currents 
corresponding to the peak power, 1.58 A/cm
2
, 1.62 A/cm
2
, and 1.72 A/cm
2
 than at 1.0 
A/cm
2
. The profiles in Figures 4.2, 4.3, 4.4, and 4.5 were for a current of 1.0 A/cm
2
. The 
IFM base case peak power exceeds the 0% nanofiber NFM case and 5% nanofiber NFM 
case by 8.5% and 5.5%. Table 4.3 lists the fuel cell results for these cases and others. 
 
Figure 4.8 shows IFM fuel cell results (polarization curves) as a function of platinum 
loading in the CCL across a range from 8.0x10
-4
 to 0.8 mg Pt/cm
2
. Greater platinum 
loading increases PEMFC performance. A decrease in platinum loading reduces 
performance by decreasing the surface available for the ORR to occur so that more 
overpotential is needed to convert the same amount of oxygen. The previous results  
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Figure 4.5 Proton flux throughout the CCL of the fuel cell for the IFM base case and two 
NFM cases (0% and 5% nanofibers) at a cell current of 1.0 A/cm
2
. 
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Figure 4.6 PEMFC voltage performance results for the IFM base case and two NFM 
cases (0% and 5% nanofibers). Results based on cathode/anode/cell temperature of 80 °C, 
isobaric pressure of 3.0 atm, Pt loading of 0.16 mg/cm
2
 in cathode and 0.0529 mg/cm
2
 in 
anode. Other PEMFC conditions listed in Table 4.2. 
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Figure 4.7 PEMFC power density versus current density for the IFM base case and two 
NFM cases (0% and 5% nanofibers). Results based on cathode/anode/cell temperature of 
80 °C, isobaric pressure of 3.0 atm, Pt loading of 0.16 mg/cm
2
 in cathode and 0.0529 
mg/cm
2
 in anode. Other PEMFC conditions listed in Table 4.2. 
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Figure 4.8 PEMFC performance for the IFM as a function of platinum loading in the 
CCL. Results based on cathode/anode/cell temperature of 80 °C, isobaric pressure of 3.0 
atm, and Pt loading of 0.0529 mg/cm
2
 in anode. Other PEMFC conditions listed in Table 
4.2. 
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Figure 4.9 PEMFC performance for the IFM as a function of the product of effective 
platinum surface (Ao) and ORR rate constant (k). Results based on cathode/anode/cell 
temperature of 80 °C, isobaric pressure of 3.0 atm, and Pt loading of 0.0529 mg/cm
2
 and 
0.16 mg/cm
2
 in anode and cathode. Other PEMFC conditions listed in Table 4.2. 
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shown for the IFM base case correspond to a loading of 0.16 mg Pt/cm
2
. The means used 
to vary loading here was to increase both the weight percent platinum in the platinum-
carbon inner cylinders (nanoparticles) and the volume fraction of the platinum-carbon 
nanoparticles present in the CCL ( c ) by the same multiplier. An increase in platinum 
loading has a strong positive effect on voltage performance at all currents and at all 
loadings investigated. For these results, the catalyst layer thickness and the dry ionomer 
phase volume was maintained constant at 10 m  and 0.335, respectively. In all cases, 
PEMFC voltage decreases at high currents due to gas mass transfer losses and proton 
current resistance.  
 
The effect of ORR rate constant k (catalyst activity) and effective surface Ao in the CCL 
on ideal fiber model fuel cell performance is shown in Figure 4.9. An increase in either or 
both of these parameters has a strong positive effect on cell voltage across the full range 
of kAo values displayed from 0.10% of the base value to three orders of magnitude 
greater than the base value. However, at very low currents, all voltages converge to the 
same open circuit value since at zero current all of the voltage losses in the fuel cell 
become zero regardless of kAo. The IFM base case, kAo is 4.7x10
3
, and the peak power 
results for kAo = 4.7x10
2
, 4.7x10
3
, and 4.7x10
4
 are 0.561 W/cm
2
, 0.676 W/cm
2
, and 
0.802 W/cm
2
, respectively. Therefore, an increase in the base case catalyst activity by a 
factor of 10 will increase peak power performance by 19%. 
 
The effect of gas mass transfer resistance in the CCL on PEMFC performance is shown 
in Figure 4.10. Increasing the effective diffusivities of water vapor, oxygen, and nitrogen 
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simultaneously from 0.1% of their base values to 10% of their base values steadily 
improves PEMFC performance. An increase in effective diffusivities from 10% of the 
base values to the base case values increases peak power by a small amount, from 0.673 
to 0.676 W/cm
2
. The performance at their base values is at a limit so that a one order of 
magnitude increase in effective diffusivities results in an insignificant 0.1 mV increase at 
1.0 A/cm
2
 and an insignificant increase in peak power density by 0.0002 W/cm
2
 (data not 
plotted here). This increase is physically unrealistic since the tortuosity and diffusivities 
cannot be improved by an order of magnitude. Therefore, the ideal fiber geometry 
eliminates inefficiency because of CCL gas mass transfer resistance. 
 
The effect of ionomer mass transfer resistance in the CCL on PEMFC performance may 
be determined from Figure 4.11. The thickness of the ionomer layer surrounding the 
catalyst depends on the reference (dry) volume fraction of ionomer in the CCL, the 
ionomer swelling, and the inner radius of the catalyst cylinder. This ionomer thickness is 
approximately 1.49x10
-6
 cm (15 nm) for the IFM base case, where cr  equals 3.0x10
-6
 cm 
(30 nm). The ionomer thickness is doubled, while increasing the inner radius of the 
catalyst cylinder from 3.0x10
-6
 cm to 6.0x10
-6
 cm and this reduces the peak power by a 
negligible amount from 0.676 to 0.675 W/cm
2
. The base case ionomer mass transfer 
resistance is also negligible (at a limit), so that reducing the base case ionomer thickness 
by a factor of two has almost no effect on peak power (0.676 to 0.678 W/cm
2
). Therefore, 
the ideal fiber geometry eliminates inefficiency because of CCL ionomer mass transfer 
resistance. 
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Figure 4.10 PEMFC performance of the IFM as a function of gas mass transfer rates in 
the CCL. ijD  represents effective gas diffusivities of oxygen, nitrogen, and water vapor, 
which are all multiplied by the factor indicated. Results based on cathode/anode/cell 
temperature of 80 °C, isobaric pressure of 3.0 atm, and Pt loading of 0.0529 mg/cm
2
 and 
0.16 mg/cm
2
 in anode and cathode. Other PEMFC conditions listed in Table 4.2. 
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Figure 4.12 shows polarization curves for five different rates of oxygen mass transfer 
through the GDL. As the GDL mass transfer rate increases, the maximum attainable 
current increases and the performance at high current increases. The base case has an 
oxygen mass transfer oc  value of 0.63 cm/s, which was estimated from a GDL 
thickness of 0.03 cm, porosity of 0.40, and tortuosity of 2.0. An increase of the base case 
oc  by an order of magnitude increases the cell voltage by 11 mV at 1.0 A/cm
2
 and 
increases peak power by 44 mW/cm
2
. For values of oc  greater than 2.0 cm/sec there is 
little improvement in fuel cell performance if oc  is increased. A decrease in the base 
case oc  by an order of magnitude reduces peak power from 0.676 to 0.192 W/cm
2
 and 
decreases maximum attainable current to 0.36 A/cm
2
. Figure 4.12 demonstrates that 
oxygen mass transfer in the GDL has a significant effect on fuel cell performance. 
 
All of the results in figures 4.2 through 4.12 are based on zero electro-osmotic drag (  = 
0). A value of the electro-osmotic coefficient of   = 0.001 was also investigated for the 
IFM model. For an electro-osmotic coefficient of 0.001 and a current of 1.0 A/cm
2
 the 
voltage losses in the CCL are less than the losses at a coefficient of 0.0 by 0.026 V. This 
electro-osmotic drag causes a flux of water vapor into the CCL that reduces oxygen mole 
fraction from 0.1023 to 0.1017. The water vapor increase in the CCL improves proton 
conductivity and lowers Ohmic losses. To maintain 1.0 A/cm
2
 at the lower oxygen 
concentration does not require greater overpotential because the oxygen concentration 
change is very small. Because water flux caused by electro-osmotic drag only occurs in 
the ionomer, the coefficient ξ should be much less than 1.0. Because anode voltage losses 
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Figure 4.11 PEMFC performance of the IFM as a function of inner carbon radius ( cr ) in 
the CCL. Cylinder spacing and ionomer thickness ( I cr r ) in the ideal fiber 
microstructure are proportional to the inner radius. Results based on cathode/anode/cell 
temperature of 80 °C, isobaric pressure of 3.0 atm, and Pt loading of 0.0529 mg/cm
2
 and 
0.16 mg/cm
2
 in anode and cathode. Other PEMFC conditions listed in Table 4.2. 
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Figure 4.12 PEMFC performance of the IFM as function of oxygen mass transfer rate 
through the cathode gas diffusion layer (GDL). Values displayed are the mass transfer 
coefficient (
oc ), where 0.63 cm/sec is the base case value. Results based on 
cathode/anode/cell temperature of 80 °C, isobaric pressure of 3.0 atm, and Pt loading of 
0.0529 mg/cm
2
 and 0.16 mg/cm
2
 in anode and cathode. Other PEMFC conditions listed 
in Table 4.2. 
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are fixed for comparison purposes, any negative effect because of anode dehydration is 
not accounted for here. 
 
If the proton conductivity is reduced to 10% of its IFM base case value, the IFM peak 
power result still exceeds the peak power of the NFM result with 0% nanofiber by 6.3%. 
Any advantage in the IFM geometry due to its resistance to flooding would be in addition 
to this 6.3%. The IFM base case proton conductivity value of 1.38 S/cm is 22.5 times 
greater than the bulk Nafion proton conductivity of 0.0613 S/cm. This case and others are 
given in Table 4.3 for comparison.  
 
4.7 Conclusions 
 
Numerical results indicate that the IFM geometry generates 8.5% more power than a fuel 
cell with a contemporary CCL morphology (NFM model); the peak power is 0.676 
W/cm
2
 versus 0.623 W/cm
2
. The IFM power results are 5.5% greater than that of a 
contemporary fuel cell (NFM mode) if the contemporary fuel cell is assumed to contain 
5% of its CCL ionomer in the form of nanofibers with enhanced proton conductivity. 
Parametric curves for the IFM demonstrate that the IFM geometry optimizes proton 
conduction tortuosity, ionomer proton conductivity, and gas diffusion tortuosity so that 
they do not limit voltage performance. The profiles of reaction rate, overpotential, and 
oxygen concentration throughout the CCL show that the improved proton conductivity is 
the primary reason for the calculated benefits of the ideal fiber geometry.  
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Calculations indicate that the hydrophobic surfaces and small pore size in the ideal fiber 
geometry will prevent flooding. Flooding would increase gas diffusion resistance and 
also reduce the available catalyst surface. The absence of flooding could be a very 
significant benefit for alternate operating conditions. In a contemporary fuel cell, the 
extent of flooding is affected by multiple pore wall materials and geometries and there is 
uncertainty regarding the extent and conditions of flooding. 
  
192 
 
 
Table 4.1 Summary of the IFM Equations in the CCL 
MODEL EQUATIONS AND BOUNDARY CONDITIONS • 
 
Ohm’s Law in ionomer 
1 1I eff fI
p f
d d
N K
F dz F dz
 

    
Overpotential at membrane (BC) 
  LcL   
Conservation of Protons (ionomer phase) 
2 0
I
p
ORR
dN
R
dz
   
No proton flux into GDL (BC) 
 0 0IpN   
Conservation of Oxygen (gas phase) 
0
2
G
o ORRdN R
dz
   
No flux of oxygen into membrane (BC) 
  0Go cN L   
Conservation of Water Vapor (gas phase) 
0
G
Gw
ORR
dN
f R
dz
   
Mass transfer model for water into membrane (BC) 
      G ACH Iw c wa w c w p cN L C x L x N L     
 
Stefan-Maxwell Model for oxygen diffusion with stagnant nitrogen 
G G G G G
o o w o o w n o o n o
G G G
ow on oK
dx x N x N x N x N x NP dP
RT dz RT dz D D D
 
     
Mass transfer model for oxygen through GDL (BC) 
    0 0G o CCHo oc o oN C x x    
 
 
Stefan-Maxwell model for water vapor diffusion and stagnant nitrogen 
G G G G G
w w o w w o n w w n w
G G G
ow wn wK
dx x N x N x N x N x NP dP
RT dz RT dz D D D
 
     
Mass transfer model for water through GDL (BC) 
    0 0G o CCHw wc w wN C x x    
Stefan-Maxwell model for Knudsen Diffusion and Pressure 
1
G G G
w o n
G G G
wK oK nK
N N NdP
RT dz D D D
     
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Pressure at CCL-GDL Interface (BC) 
 0 oP P  
Reaction Rate, O2 Film Convection, O2 Ionomer Diffusion 
 
2
2 ln2
4 4
x I
ob
co w c
o ORR o I
o Pt I o o
r
K l
rK s FL e l
x R
kA m r C D
 
 
  
       
 
  
 
 
• The diffusivities used in these equations are effective diffusivities with corrections for 
cross sectional area and tortuosity. The fluxes in this model are superficial fluxes. 
• The IFM consists of these equations with the correlations in Table 2.2 and inputs in 
Table 4.2. 
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Table 4.2 Base Case Input Values for IFM 
Symbols  Base Value 
   
 0wa
 
Water activity in cathode channel 
0.80 
b Butler-Volmer rate constant, cRT F , V 0.0304 
ref
oC  Reference oxygen concentration , mol/ cm
3
 7.25x10
-6
 
ref
pC  Reference (dry) proton concentration , mol/ cm
3
 0.00180 
onD  Ordinary oxygen-nitrogen gas diffusivity, cm
2
/sec 0.0931 
owD  Ordinary oxygen- water vapor gas diffusivity, cm
2
/sec 0.1194 
wnD  Ordinary water vapor-nitrogen gas diffusivity, cm
2
/sec 0.1313 
IMW
 
Equivalent weight of ionomer 1,100 
ref
oi  Reference exchange current density, A/cm
2
 2.707x10
-8
 
cL  CCL thickness, cm 0.0010 
l Cylinder array nearest center-to-center distance, cm 8.83x10
-6
 
mL  Membrane thickness, cm 0.0040 
Ptm  Platinum loading in cathode catalyst layer per area, mg/ cm2 
0.16 
oP  Pressure at CCL to GDL interface, atm 3.0 
PtC Weight fraction Pt in carbon and platinum solid 0.2 
conR  Resistance voltage loss per A/cm2 for interface contact, Ωcm2 
0.10 
cr  
Radius of inner carbon cylinder, cm 3.0x10
-6
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ref
ws  CCL ionomer swelling factor at reference ORR conditions 1.10 
T Isothermal temperature of PEMFC CCL, K 353.15 
ACH
wx
 
Mole fraction water vapor in anode channel 0.1247 
CCH
wx
 
Mole fraction water vapor in cathode channel 0.1247 
CCH
ox
 
Mole fraction oxygen in cathode channel 0.1433 
c  Transfer coefficient for Butler Volmer cathodic reaction 1.0 
w  Surface energy of water, N/cm 0.0625 
o  Mass transfer coefficient, gas film outside agglomerate, cm/sec 
0.63 
oc  Mass transfer coefficient across cathode GDL for oxygen, 
cm/sec 
0.63 
wc  Mass transfer coefficient across cathode GDL for water vapor, 
cm/sec 
0.78 
wa  Mass transfer coefficient across anode for water vapor, cm/sec 
0.22 
C  Volume fraction of catalyst (C+Pt) phase in CCL 0.363 
G  Volume fraction of gas phase in CCL (* = dry) 0.303
*
 
o
I  Dry volume fraction of ionomer phase in CCL 0.334 

 
Electro-osmotic parameter, H2O into CCL gas per proton 0.0 
I  Dry ionomer (Nafion) density, g/cm
3
 1.98 
x  Ionomer mass transfer increase factor to account for geometry 
3.0 
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Table 4.3 IFM Results 
Case 
a
 
 
Volts at 1.0 
A/cm
2
 
Peak Power 
W/cm
2
 
g/kW at Peak 
Power 
a
 
A/cm
2
 at 
Peak Power 
IFM Base Case 
with 0.16 mg 
Pt/cm
2 
CCL 
0.560 0.676 0.315 1.719 
NFM 0% fiber 
b
 
with 0.16 mg 
Pt/cm
2 
CCL 
0.540 0.623 0.342 1.581 
NFM 5% fiber 
b
 
with 0.16 mg 
Pt/cm
2 
CCL 
0.548 0.640 0.332 1.621 
IFM with same Pt 
and 10xActivity 
0.630 0.802 0.266 1.872 
IFM with same Pt 
and 100xActivity 
0.700 0.938 0.227 2.022 
IFM with 10% 
Base Proton 
Conductivity 
0.555 0.662 0.322 1.685 
DOE 2015 
Targets[69] 
 1.000 0.125  
 
a
 Platinum in the cathode is listed in first column whereas the mass of platinum per kW 
includes the additional 0.0529 mg/cm
2
 in the anode catalyst layer (ACL).  
b
 The NFM case with 0% fiber is similar to other recent models but the NFM with 5% of 
the ionomer in the CCL in fiber form includes the nanofiber proton conductivity 
enhancement of Equation (2.14) 
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Chapter 5. Hydrogen Fuel Cell Model Comparisons 
 
5.1 Model Performance Comparisons 
 
The Nanofiber Model (NFM), Ideal Fiber Model (IFM), and Planar CCL Model are 
compared in this chapter. The voltage and power performance for all three models are 
compared in Figures 5.1 and 5.2, respectively, for the same input data. The peak power 
performance of the IFM equals 0.676 W/cm
2
 and the NFM and Planar Model peak 
powers are 0.641 W/cm
2
 and 0.663 W/cm
2
, respectively. Therefore, the IFM peak power 
exceeds the NFM and Planar Model values by 5.5% and 3.4%, respectively. The common 
input data is found in Table 4.2. Some input data for these cases is model specific. In the 
NFM, the percentage of ionomer in the CCL in nanofiber form is 5% and the dry 
agglomerate radius is 2.5x10
-5
 cm (0.25 m ). In the Planar Model, the gas slit pore width 
(2w) is 100 nm. In the IFM, the inner carbon/platinum cylinder radius is 3.0x10
-6
 cm (30 
nm) and the cylinder center-to-center spacing is 88.3 nm. The volume fraction of each 
phase is the same for all three cases. Therefore, the IFM provides superior performance 
as expected. 
 
5.2 Primary Model Differences 
 
The fundamental difference between the models is that the IFM and Planar Models are 
based on idealized geometries that are not available for testing. The NFM includes  
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Figure 5.1. PEM fuel cell voltage performance versus current for NFM, Planar Model, 
and IFM with same inputs from Table 4.2. 
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Figure 5.2. PEM fuel cell power performance versus current for NFM, Planar Model, 
and IFM with same inputs from Table 4.2. 
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the liquid water saturation in the CCL as a function of water activity whereas the Planar 
CCL Model does not account for the presence of water. Saturation inhibits gas diffusion. 
Although the power loss because of saturation is negligible for the base case conditions in 
Figure 5.2, saturation will have a very significant effect for higher water activity in the 
feed gas, for a more hydrophilic pore space, and for some other conditions. The 
performance of the planar model in Figures 5.1 and 5.2 would be significantly lower if 
anode losses were included (e.g. 27 mV at 1.0 A/cm
2
). The Planar Model only includes 
the four primary mechanisms: reaction, proton conduction, and oxygen diffusion in the 
gas and ionomer. The mathematical description of the IFM is more rigorous than the 
Planar Model, but the ideal fiber geometry is also idealized. In the IFM design, the 
voltage losses in the CCL are all negligible except those resulting from the reaction 
kinetics. The slow reaction rate in the CCL is the primary barrier to maximum 
performance in the CCL for all PEMFC models. At low currents, the curves for all 
models in Figure 5.2 are similar because they are dominated by the same ORR kinetics 
and the other voltage loss mechanisms are negligible. 
 
5.3 Model Feature Comparisons 
 
The three PEMFC models presented here are based on different geometries, but the NFM 
and IFM also have additional features. Knudsen diffusion is included in the NFM and 
IFM, but it does not have a significant voltage effect in the base case even though the 
mean free path is comparable to the pore size. Knudsen diffusion will have an effect if 
smaller pore sizes are used. Ionomer swelling at higher water activity is included in the 
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NFM and IFM, but it also does not have a significant voltage effect for the base case gas 
volume fraction investigated. However, Figure 2.21 demonstrates how cell voltage is 
reduced by the combination of swelling, small values of CCL gas volume fraction, and 
saturation. The distribution of water between the different phases was calculated in the 
NFM and IFM, but each base case resulted in a CCL void space that was primarily gas 
filled. Therefore, the water distribution did not cause the voltage results to vary 
significantly. However, the presence of liquid water reduces the volume of the gas phase 
during cell operation and this partly explains the low voltage curve in Figure 2.21. The 
gas mass transfer resistance at the interface between the ionomer and gas was included in 
the NFM and IFM, but this resistance was negligible for the large interfacial surfaces 
investigated (small agglomerate sizes). The presence and enhanced proton conductivity 
of nanofibers in the CCL was incorporated in the NFM and IFM. This nanofiber effect 
explains the greater power performance of the IFM. In the IFM, all of the ionomer has the 
enhanced proton conductivity. The available Nafion nanofiber conductivity data was 
plotted in Figures 2.2 and 2.3 and it indicates that nanofiber conductivities are much 
greater than that of bulk Nafion. Although there are uncertainties when extrapolating this 
data to an operating fuel cell, this extrapolation is more reasonable than assuming that a 
bulk material has the same properties as nanofibers with diameters smaller than 50 nm. 
Catalyst layer nanofibers with high proton conductivities are not incorporated into any 
other PEMFC model. If much higher nanofiber conductivities were inserted into the IFM 
it would not affect IFM performance because it is already at a limit. If much higher 
nanofiber conductivities were inserted into the NFM it would increase performance to a 
level similar to the IFM as displayed for the 100 fxK  curve in Figure 2.16. 
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5.4 Applicability of Models 
 
The NFM is applicable to an actual contemporary PEMFC design. Because of its 
numerical complexity and because it is a one dimensional model, it is not very desirable 
for comprehensive fuel cell system design. With optimization it should be possible to 
reduce the NFM run time of 20 minutes per polarization curve. However, even a run time 
of 2 minutes per curve would increase to a run time of about 13 days if the 96 one 
dimensional elements were extended to three dimensions. The NFM is suitable to 
determine whether or not the zero swelling assumption in other models is reasonable for a 
given application. It may also be used to investigate the other mechanisms including 
Knudsen diffusion and convection in the gas film at the ionomer interface. The NFM will 
be more appropriate for detailed design, if the variable swelling effect is eliminated and it 
is extended to three dimensions. One additional dimension is needed to account for the 
reduction in oxygen concentration down the cathode channel. Another dimension is 
needed to account for the increase in oxygen concentration directly under the cathode 
channel. These two additional dimensions are also needed to account for proton current 
parallel to the membrane. 
 
The Planar CCL model is applicable to an idealized and simplified PEMFC design. It is 
suitable for calculations involving the four primary CCL mechanisms and it 
approximately describes actual PEMFC voltage results because some of the deleted 
mechanisms cancel each other. However, the Planar Model does not include the diffusion 
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tortuosity, conduction tortuosity, anode voltage losses, and nanofibers that occur in a 
contemporary PEMFC. 
 
The IFM is applicable to an idealized PEMFC design. It is suitable for evaluating that 
ideal geometry or a very similar geometry should a fabrication method be developed that 
could construct it. The IFM could be extended to three dimensions, but such an effort 
would be unnecessary until the experimental version was available. The IFM shows that 
with special geometry and no additional platinum cost, PEMFC power may be increased 
by about 5%. 
 
For the comparison cases displayed in Figures 5.1 and 5.2, the execution time for the 
polarization curve was 17 minutes, 3 minutes, and 9 minutes for the NFM, Planar Model, 
and IFM, respectively. 
 
5.5 High Activity Model Performance Comparisons 
 
The same three comparison cases, but with a kinetic rate ten times greater are displayed 
in Figures 5.3 and 5.4. For these cases, the peak power performance of the IFM equals 
0.802 W/cm
2
 and the NFM and Planar Model peak powers are 0.759 W/cm
2
 and 0.790 
W/cm
2
, respectively. The IFM peak power exceeds the NFM and Planar values by 5.6% 
and 1.4%, respectively. In this comparison, the resistance in the GDL and losses outside 
the CCL are identical. These figures are relevant because there is a trend towards 
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proprietary high activity platinum alloy catalysts instead of the pure platinum catalyst 
used here and in published models. 
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Figure 5.3. PEM fuel cell voltage performance versus current for NFM, Planar Model, 
and IFM with a catalyst activity ten times greater than the activity in Table 4.2. Other 
inputs are identical to Table 4.2 values. 
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Figure 5.4. PEM fuel cell power performance versus current for NFM, Planar Model, 
and IFM with a catalyst activity ten times greater than the activity in Table 4.2. Other 
inputs are identical to Table 4.2 values. 
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Chapter 6. Conclusions 
 
6.1 Scope of Research Work 
 
Numerical modeling was used to investigate proton exchange membrane fuel cells with 
an emphasis on effects that are not normally accessible to experimental work. The 
Nanofiber Model was developed to describe a contemporary fuel cell and to investigate 
effects that have not been previously modeled including new experimental results. The 
Planar CCL Model was developed to explore the effectiveness of a less complicated 
model based on the four fundamental mechanisms in a fuel cell. An idealized fuel cell 
design and an associated model, the Ideal Fiber Model, were developed to evaluate a 
possible new type of hydrogen fuel cell. 
 
6.2 The Nanofiber Model of a PEMFC 
 
Some of the unique features of the NFM are discussed in this section. The Nanofiber 
model incorporates nanofibers with high proton conductivity and this significantly 
improves the PEMFC peak power performance. A case with 10% of the ionomer in the 
CCL in nanofiber form had 7.5% greater peak power performance compared to a case 
that did not include nanofibers. This numerical result is consistent with recent 
experimental results and describes how nanofibers contribute to performance. This 
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feature has not been modeled previously and is the most significant contribution of this 
model. 
 
The Nanofiber Model represents the first model of a PEMFC that incorporates the CCL 
ionomer volume change with respect to water activity. It was determined that swelling 
does not vary significantly with current or position in the CCL but the ionomer volume 
increase because of swelling was 19%. For CCL volume fractions of 0.33 for ionomer 
and 0.30 for gas, swelling did not have a significant voltage effect. In combination with a 
smaller gas phase and larger ionomer phase, it can have a negative effect. CCL void 
volume fraction can be calculated using an ionomer constraint of zero and a swelling 
based on the feed gas water activity. A calculated void volume fraction of less than 0.20 
results in a diffusion tortuosity over 6.0 [57] and should be avoided. 
 
Water transport across the CCL in the NFM incorporates the local equilibrium 
assumption. The equilibrium calculations incorporate a non-trivial distribution of pore 
sizes and pore wall surface energies to determine water distribution. The water content 
calculated by this method indicates that saturation is too low to restrict oxygen diffusion 
in the CCL and affect fuel cell voltage. 
 
The parametric studies here demonstrate that Knudsen diffusion and pressure effects may 
be neglected in a CCL with gas filled pores with a 46 nm mean radius and a 23 nm 
standard deviation of radii. Knudsen effects will be important with smaller pores. The 
209 
 
importance of the Knudsen diffusion mechanism could not be determined from a 
literature study although some other models include it.  
 
6.3 The Planar CCL Model 
 
A less complicated model of the CCL using a unique planar geometry was developed that 
predicts fuel cell performance relatively well. In the derivation of this model, three non-
dimensional constants were identified that characterize the four fundamental PEMFC 
CCL rates:  ORR kinetics, proton conduction, oxygen gas diffusion, and oxygen diffusion 
in the ionomer.  
 
6.4 The Ideal Fiber Model 
 
A new PEMFC CCL geometry was proposed consisting of equal diameter, equally 
spaced, parallel cylinders of carbon with an ionomer outer layer and platinum catalyst at 
the ionomer-ionomer interface. The Ideal Fiber Model was developed for this geometry 
and it demonstrates that this fuel cell produces 5.5% greater peak power compared to a 
contemporary fuel cell (NFM) with 5% of its CCL ionomer in nanofiber form. This is 
attained because of negligible gradients of ionomer voltage and oxygen concentration in 
the CCL. A new version of the Kelvin equation was derived for the void region in this 
ideal CCL and it indicates that liquid water cannot form in this CCL unless a very high 
water activity of 1.88 was somehow attained. A proprietary design was recently 
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developed by 3M that is similar to the ideal fiber design. Images of this new design are 
available in DOE publications [80]. 
 
6.5 Future Fuel Cell Modeling Work 
 
It may be useful to improve the sub-model of oxygen transport through the cathode GDL. 
In all three models in this dissertation, mass transfer of oxygen through the cathode GDL 
was modeled using a mass transfer coefficient. Parametric studies indicate this GDL mass 
transfer rate can be important because it lowers the available oxygen concentration in the 
CCL. The mass transfer rate of oxygen in the CCL is different and is not very important. 
Because the existing GDL models do not incorporate the visible eruption of liquid water 
drops that has been observed [64], there should be a means to improve this sub-model. 
Multiphase heat and mass transfer and surface energies would have to be considered if 
this is addressed. 
 
The development of a new three dimensional PEMFC model is a possible future 
opportunity. A 3D PEMFC model would be needed to account for gradients in voltage 
and oxygen concentration that are parallel to the membrane. Gradients will occur as 
oxygen is depleted down the cathode flow channel and because of the greater 
concentration right under the channel. These gradients will lower voltage performance 
because they result in slightly lower catalyst utilization and minor ohmic losses. 
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6.6 Final Conclusions 
 
Proton exchange membrane fuel cell research is valuable because fuel cells covert fuel to 
power two to three times more efficiently than internal combustion engines [8]. Also, fuel 
cells can operate using hydrogen from renewable energy sources or from sources other 
than liquid hydrocarbons. In this work, conceptually new and improved CCL designs 
were developed and modeled. The CCL is the component that requires the most 
improvement. Also, improvements in the understanding of contemporary PEMFCs were 
presented and described. The incorporation of CCL nanofibers with high proton 
conductivity is the most significant of these improvements. 
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Appendix A. Voltage Effects Outside CCL 
 
 
 
 
A.1 Open Circuit Voltage 
 
Each term on the right hand side of the cell voltage equation, Equation (2.3), must be 
evaluated to determine the fuel cell voltage. The open circuit voltage was calculated from 
the Nernst Equation [71], using the conditions at each membrane interface: 
 
     (A.1) 
 
The gas phase mole fractions of hydrogen and oxygen are  and , the PEMFC 
pressure is P, the open circuit voltage at reference partial pressures is , and the 
number of electrons transferred per water molecule created in the ORR is n, where n = 2. 
In an actual PEMFC, the open circuit voltage is lower than the reversible value calculated 
by (A.1) due to crossover of hydrogen from anode to cathode and due to the oxidation of 
platinum, which occurs at zero current [81, 82]. 
 
A.2 Contact Voltage Losses in the PEMFC 
 
Contact resistance voltage losses, , were used as determined by Berning and Djilali 
[23]. 
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     (A.2) 
 
 is the voltage loss per current density [A/cm
2
] due to all contact resistances. The cell 
current is  and the proton flux at the CCL-membrane interface is  where  is 
the CCL thickness. 
 
A.3 Voltage Losses in the Membrane 
 
Ohm’s law was used to calculate the voltage loss due to proton conduction across the 
membrane: 
 
     (A.3) 
 
 and  are the thickness of the membrane and the proton conductivity of the 
membrane ionomer, respectively. 
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Appendix B. Anode Catalyst Layer (ACL) Voltage Loss Calculation 
 
 
 
 
There are two mechanisms within the ACL that contribute significantly to the anode 
voltage losses: the conduction of protons in the ionomer and the reaction of hydrogen at 
the platinum ionomer interface. Equation (B.1) is Ohm’s law for proton conduction as 
used for PEMFC ACL sub-model results.  
 
  (B.1) 
 
 is the superficial flux of protons within the ACL.  is the effective proton 
conductivity and it is calculated from two types of ionomer conductivities, the 
Bruggemann correlation for the dispersed ionomer pathway, 2% nanofiber content, and a 
nanofiber tortuosity of 2.0.  equals the volume fraction of ionomer in the ACL. The 
proton balance is: 
 
      (B.2) 
 
 is the volumetric generation of protons. Equation (B.3) is the Butler Volmer equation 
for the hydrogen oxidation reaction kinetics.  
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  (B.3) 
 
    (B.4) 
 
   (B.5) 
 
 is the effective surface area (cm
2
) of platinum per gram and  is the milligrams of 
platinum loaded onto the ACL per cm
2
 membrane surface.  is the ACL thickness in 
cm.  is the hydrogen concentration (mol/cm
3
) in the ionomer and it is calculated from 
the mole fraction of hydrogen in the gas, , and the partition coefficient listed. Other 
numbers in Equation (B.3) are kinetic constants specifically determined for the hydrogen 
oxidation reaction [44]. Equations (B.2) and (B.4) are combined to form Equation (B.6) 
and eliminate one variable.  
 
   (B.6) 
 
Equations (B.7) and (B.8) are the boundary conditions for Equations (B.1) and (B.6). 
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       (B.7) 
 
      (B.8) 
 
Equations (B.1), (B.6), (B.7), and (B.8) were solved using the Galerkin finite element 
method with Newton iteration.  
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Appendix C. Swelling of Ionomer in the CCL 
 
 
 
 
The ionomer in the CCL swells due to water absorption, but the swelling is somewhat 
constrained by the solid carbon catalyst network since the ionomer is not capable of 
freely flowing into the void spaces. The swelling parameter  in Equations (2.22), 
(2.24), and (2.30) is a ratio of the volume of swollen ionomer to volume of ionomer at 
zero water concentration. The ionomer volume swelling due to water content is 
proportional to the ratio of the molar volumes of water ( =18.52 cm
3
/mol) and Nafion 
117 ( =555.6 cm
3
/mol) [46]: 
 
      (C.1) 
 
The degree of constraint is X, such that for X = 1 there is no ionomer volume change and 
for X = 0 swelling is unconstrained. Lambda ( ) is the ratio of the moles of water within 
the unconstrained ionomer to the moles of sulfonic acid anions (equivalents). In this 
model,  is determined from the equilibrium expression listed in Table 2.2. 
 
Greater  affects the CCL Nanofiber Model Equations by increasing  and decreasing 
both  and proton concentration. The first part of Equation (C.2) is based on the 
definition of swelling. 
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     (C.2) 
 
 is the volume fraction of ionomer in the equilibrium CCL at zero humidity. The 
catalyst volume ( ) is fixed so that ionomer swelling reduces void volume , 
which is primarily gas ( ). An increase in  increases all forms of diffusional 
resistance in the CCL Nanofiber Model, decreases the ORR rate through the proton 
concentration, and increases the effective proton conductivity. The effective transport 
properties are influenced through the dependence of tortuosity on phase volume fractions.  
The effective transport properties are also proportional to the cross section of transport, 
which is proportional to  for gas diffusion and to  for proton conduction. Water 
activity, lambda, swelling, and ionomer volume fraction in the CCL are all functions of 
the water vapor mole fraction, which is one of the CCL Nanofiber Model independent 
variables. For 1.0 A/cm
2
 and the model case defined by Table 2.3,  varies from 1.192 
at the CCL-GDL interface to 1.196 at the CCL-membrane interface. Therefore, the 
variation of swelling with position is not significant. This negligible variation occurs 
because water vapor concentration is approximately constant across the CCL thickness. 
However, the magnitude of swelling in the base case is significant at 19% and this is why 
very little water is present in vapor form (less than 0.07 mol% of total). This swelling is 
also the primary reason that fuel cell power is reduced from 595 mW/cm
2
 (base case) to 
243 mW/cm
2
 as dry gas volume fraction is reduced from 0.303 (base case) to 0.200 
(Figure 2.21).  
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Appendix D. Distribution of Water in the CCL 
 
 
 
 
The pores in the CCL are either filled with gas or liquid water depending on the critical 
pore radius. For pores with hydrophilic wall material, the pores will only be liquid filled 
if their radius is smaller than the critical radius. For pores with hydrophobic wall 
material, the pores will only be liquid filled if their radius is larger than the critical radius. 
Equation (D.1) gives the critical pore radius for wall material i where i = 1 (platinum), 2 
(carbon), and 3 (ionomer). Nafion ionomer is hydrophobic and the platinum and carbon 
are hydrophilic. 
 
     (D.1) 
 
The value within the parenthesis is the water activity and  and  are the molar 
volume of water and the surface energy of water in contact with the pore wall. The vapor 
pressure of water is . Contact angles of 86° for carbon and 40° for platinum were used 
[63]. Nafion was used for all the ionomer properties in this calculation. Nafion contact 
angles depend on the water concentration and were interpolated from 115° at λ=0, 99° at 
λ=14, and 85° at λ=22 [70]. The total un-normalized volume of liquid water filled pores, 
, is given by Equation (D.2). 
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   (D.2) 
 
The pore size distribution supplies the  data where r refers to the pore radius. The 
fraction of pores walls, , which are of a certain material is assumed constant and 
independent of pore size and proportional to material volume fraction. The total un-
normalized volume of all liquid water and gas filled pores, , is given by Equation 
(D.3) and saturation, S, by Equation (D.4). 
 
      (D.3) 
 
      (D.4) 
 
Equations (D.2), (D.3), and (D.4) were repeatedly solved for each of the three sets of data 
provided by Gode, Jaouen, and co-workers [27] using a large number of water activities 
so that three curves were obtained. These calculations analyzed each pore size, each pore 
wall surface energy, and each water activity level using the Kelvin Equation, Equation 
(D.1). These calculations were accomplished by a pre-processing program and the same 
pre-processing program was used to determine three curves for each of , the mean gas 
filled pore diameter ( ), and the standard deviation of gas filled pore size ( ) as a 
function of water activity.  is defined by Equation 2.8 but because of the local 
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equilibrium assumption,  equals the local equilibrium value of the moles of water 
vapor in the CCL divided by the total moles of water in the CCL, Equation D.5. In this 
context, local means a representative volume about the size of one agglomerate. The 
saturation versus water activity curve used in the model was formed from the pre-
processing curves by interpolating with the dry void fraction. The main model program 
also interpolates, imports and incorporates the other equilibrium pre-processing results (
,  and ). The water produced by reaction is distributed into each phase according 
to this distribution. The curves for the base case are plotted in Figures D.1 and D.2. 
 
The water vapor fraction equation, Equation (D.5), determines the fraction of water in the 
vapor phase of the CCL at equilibrium. The pre-processing calculation determines the 
values needed for Equation (D.5). 
 
    (D.5) 
 
The density of the liquid water and ionomer are  and . The molecular weight and 
equivalent weight of the liquid water and ionomer are  and . The water 
concentration within the ionomer during operation (constrained) is  in units of moles 
of water per moles of sulfonic acid anions. Equation (D.5) is derived using the phase 
volume fractions determined from the PSD and Kelvin Equation method and the water 
content of the ionomer determined using the method by Weber [46]. The rates of 
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vaporization, condensation, and interchange between the three phases are assumed to be 
fast enough to justify the equilibrium basis for using Equation (D.5) in the gas balance 
equations. This is a key assumption and it is supported by the calculation in Appendix E. 
For 1.0 A/cm
2
 and the model base case defined by Table 2.3,  is small and varies from 
0.00068 at the CCL-GDL interface to 0.00066 at the CCL-membrane interface. For the 
same case, saturation varies from 0.066 (6.6%) at the CCL-GDL interface to 0.068 
(6.8%) at the CCL-membrane interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gf
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Figure D.1 Value of 
Gf  and saturation (S) as a function of water activity from the 
preprocessing calculations and dry gas volume fraction equal to 0.303. 
Gf  is the fraction 
of water produced by the oxygen reduction reaction that becomes a gas. Saturation is the 
fraction of void space in the CCL that is occupied by liquid water. 
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Figure D.2 Mean radius (nm) of gas filled pores in the CCL as a function of water 
activity from the preprocessing calculations and dry gas volume fraction equal to 0.303. 
The standard deviation of the pore radii of those gas filled pores as a function of water 
activity is also listed. These values are only used to estimate effective Knudsen 
diffusivities. 
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Appendix E. Water Transport Rates and Local Equilibrium in the CCL 
 
 
 
 
In the remainder of this section the "local equilibrium" assumption is justified. The 
hypothesis is that the distribution of water between the ionomer phase, gas phase, and 
liquid water phase is in equilibrium in the small regions between agglomerate spheres. 
The sphere diameters are 0.5  diameter in the base case. For this one dimensional 
model, this equilibrium applies for each plane that is parallel to the membrane (all points 
that are the same distance from membrane). This analysis begins with results based on 
the "local equilibrium" assumption and then verifies that assumption by demonstrating 
that the transport rates across the CCL are much slower than those between agglomerates. 
Assumptions include: (1) the CCL void space is treated as empty cylinders so that the 
Kelvin Equation may be used to identify pores that are gas filled or liquid filled; (2) the 
percent coverage of the pore wall surface material is assumed proportional to the volume 
percent of the solids in the CCL; (3) one pore at each location is used with the Young-
Laplace Equation to characterize the capillary pressure responsible for driving water flow 
in the CCL; the one characteristic pore would be the pore on the borderline of filled 
versus not-filled in the CCL; (4) for purposes of the hydraulic flow of water through the 
CCL, the liquid volume fraction is modeled as the void region of a packed bed that is 
"sand-like" (all other volume is not accessible); (5) the empirical Leva correlation is used 
for hydraulic liquid flow/pressure calculations [83]; (6) the transport rate of water 
diffusion in the ionomer across the CCL is negligible due to the very low diffusivity of 
water in ionomer; (7) the radial transport rate of water diffusion through the ionomer 
portion of the agglomerates is not relevant in the context of this calculation because there 
m
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are no parallel competing transport paths to agglomerate diffusion; (8) published contact 
angles for bulk material are used to determine the surface energy used in the Kelvin 
Equation and Young-Laplace Equation but for this calculation it is only the carbon 
contact angle of 86° that is relevant; (9) for a minor increase or decrease in gradients 
across the CCL, the ratio of capillary pressure driven liquid flux to gas diffusion flux is 
assumed constant. 
 
Background for Water Transport Rate Determination  
 
The "local equilibrium" assumption was used to determine the base case CCL results and 
these results are used as inputs to these calculations. Liquid water is driven by a pressure 
gradient from the CCL-membrane interface to CCL-GDL interface (non-local). Because 
the gas phase pressure is constant, the gradient of liquid pressure equals the capillary 
pressure gradient. This capillary pressure gradient is governed by those pores with the 
highest capillary pressure. These pores are those on the borderline between liquid filled 
and gas filled. The Kelvin Equation is used to determine the pores that characterize this 
highest capillary pressure. The Young-Laplace Equation is used to determine capillary 
pressure. 
 
About 40% to 60% of the pores will have walls of Nafion. Due to the low saturation 
value of 6.6%, the pores with Nafion walls are gas filled because this is the most 
hydrophobic material in the CCL. Its contact angle exceeds 99° for water activity less 
than 1.00. The volume of platinum in the CCL is very small and it is the most hydrophilic 
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material. Pores with platinum walls (contact angle 40°) are assumed to be 100% water 
filled. The pores that characterize the highest capillary pressure have carbon walls with a 
contact angle of 86°. The same results could be obtained by the more general method of 
using the ratio of pore wall surface energy to radii to identify the characteristic pore 
(whether or not with carbon walls). 
 
Step 1 – Calculate Characteristic Pore Radii 
 
To compare the relative rates of water vapor diffusion towards the GDL and pressure 
driven liquid flow, a water activity of 0.800 at GDL and of 0.808 at membrane is used. 
Characteristic pore radius is determined from the Kelvin Equation. 
At activity of 0.800: 
 
  (E.1) 
 
At activity of 0.808: 
       (E.2) 
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Step 2 – Calculate Liquid Water Pressure Gradient 
 
The Young-Laplace Equation with those radii determines capillary pressure, . At the 
GDL with an activity of 0.800: 
 
    (E.3) 
 
At membrane with a pore radius of 2.585x10
-6
 cm and an activity of 0.808: 
 
       (E.4) 
 
The difference between these two pressures divided by the CCL thickness of 0.0025 cm 
is the approximate pressure gradient that drives liquid water flow through the CCL.  
 
    (E.5) 
 
Step 3 – Calculate Resistance to Liquid Water Flow 
 
The Leva correlation is used to calculate the pressure gradient required for a given water 
flow through a porous media [83]. 
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      (E.6) 
  
       (E.7) 
   
       (E.8) 
 
The friction factor, mass flux of water, agglomerate diameter, water density, shape factor, 
and viscosity are , G, , , , and , respectively. A shape factor of 0.8 was 
selected and n equals 1.0 for Reynolds Number, Re, less than 10. The shape factor is 
defined in the Chemical Engineer’s Handbook [83]. The factor is 0.75 for typical sand 
and is 1.0 for a sphere. The mass flux was selected here based on water generation from 
1.0 A/cm
2
 current density and the ORR. 
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 (E.11) 
 
      (E.12) 
 
   (E.13) 
 
Step 4 – Calculate Mass Flux of Water at Capillary Pressure Gradient 
 
For the conditions here, the flow in the Leva correlation is proportional to pressure drop. 
This is also true with Darcy’s Law. The actual mass flux is calculated from the capillary 
pressure gradient. 
 
   (E.14) 
 
Step 5 – Calculate Mass Flux of Water Vapor by Diffusion 
 
Fick’s Law is used to determine the diffusive flux of water vapor across the CCL. 
Nitrogen and oxygen are treated as one pseudo-component. The Bruggemann correlation 
will be used as a simple means to estimate an effective diffusivity from the water vapor 
diffusivity and gas fraction. 
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  (E.15) 
 
    (E.16) 
 
Comparing step 4 and 5, the flux of liquid water out of the CCL towards the GDL is 5.07 
times greater than the parallel diffusive flux of water vapor. 
 
Step 6 – Calculate Time Constants (Relative Rates) of Water Transport in CCL 
 
The rate of convection, vaporization, and condensation at the agglomerate surface is very 
rapid as indicated by its time constant, . 
 
    (E.17) 
 
  (E.18) 
 
The characteristic distance for convection, l, equals the volume of gas in the CCL divided 
by the agglomerate surface.  is the agglomerate surface per volume CCL. The time 
 
2
1.51.5 4
3
0.1259 0.1247
0.221 0.131 1.04 10
sec 0.0025
G w
wn G wn
dx cm mol
N D C x
dz cm cm
 
    
       
   
7 5
2 2
7.069 10 1.273 10
sec sec
G
wn
mol g
N x x
cm cm
  

3
2
3
0.2212 10
sec
0.0042
ˆ
84,290 0.63
sec
G
o o
ms
l
ms
cm cmA
cm


 
 
    
    
  
  
    15
3 3ˆ 1 1 0.1 0.3996 0.363 84,290
2.572 10
I c
a
A cm
r x cm
   

            
Aˆ
239 
 
constant for water vapor diffusion across the CCL is determined used the Bruggemann 
correlation and the following expression. 
 
   (E.19) 
 
For conditions similar to the base case, the transport of liquid water across the CCL was 
found to be 5.07 times faster than the gas diffusion. 
 
      (E.20) 
 
These calculations confirm that the water in liquid, gas, and absorbed form in the CCL is 
approximately in equilibrium at each location in the CCL. Therefore, Equation (D.5) may 
be used in the model to describe the transport of water into the gas phase. This 
calculation also indicates that liquid water transport across the CCL would be faster than 
water vapor diffusion even if the two rates were not coupled by transport from phase to 
phase. 
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Appendix F. Derivation of Dimensionless Numbers for Planar CCL Model 
 
 
 
 
The dimensionless constants in the planar model are developed here independently from 
scaling arguments. Equation (F.1) is a characteristic proton flux. 
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F dz F L F L F L
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       (F.1) 
 
This is an order of magnitude approximation using Ohm’s Law. The voltage used is b 
since it is specific to the catalyst layer; it is the same at each point on the voltage curve, 
and it has an appropriate magnitude. The sign of the fluxes is discounted. 
 
The characteristic flux of oxygen diffusion in the gas, Equation (F.2), is derived from 
Fick’s Law with a very small nitrogen and water vapor flux. 
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The characteristic flux (or disappearance) of oxygen at the catalyst planar surface is given 
by Equation (F.3). This is derived from Fick’s Law in the transverse direction (x) without 
convection. 
o
o
oo o o o
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x
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    (F.3) 
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The characteristic reaction rate is given in terms of protons disappearing into the catalyst 
plane, Equation (F.4). For an overpotential equal to the characteristic voltage of b, the 
difference of exponentials here equals 1.28. 
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   (F.4) 
 
The dimensionless constants are formed by taking ratios of these fluxes multiplied by the 
cross sectional area of transport. The cross section of transport used here is cL  for 
reaction rate, l  for proton flux, cL  for oxygen diffusion in the ionomer, and w for oxygen 
diffusion in the gas. 
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These constants are the same as those developed in the main text. 
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Appendix G. Nomenclature 
 
 
 
 
List of symbols 
wa   Water activity 
oA  Effective Pt surface, cm
2
/g 
a Butler-Volmer rate constant, aRT F , V 
ca   Effective catalyst surface per planar surface 
b Butler-Volmer rate constant, cRT F , V 
Bi  Biot number for gas vs. ionomer diffusion 
ABi   Biot number for agglomerate diffusion 
c Catalyst layer thickness in planar model, cm 
C Gas concentration, mol/ cm
3
 
oC   Gas concentration at GDL-CCL interface, mol/ cm
3
 
A
oC  Concentration of oxygen in agglomerate, mol/cm
3
 
I
oC  Concentration of oxygen in ionomer, mol/cm
3
 
sur
oC  Concentration of oxygen at planar catalyst surface, mol/cm
3
 
A
pC  Concentration of protons in agglomerate, mol/cm
3
 
I
pC  Concentration of protons in ionomer, mol/cm
3
 
ref
iC   Reference concentration for ORR kinetics (o, p = oxygen, protons) 
fd   Fiber diameter, µm 
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d   Mean gas filled pore diameter, nm 
G
iKD  Effective Knudsen diffusivity for component i, cm
2
/sec 
G
ijD  Eff. gas diffusivity for components i and j, cm
2
/sec ( G ijD   ) 
A
oD  Effective diffusivity of oxygen in agglomerate, cm
2
/sec 
I
oD   Diffusivity of oxygen in bulk ionomer, cm
2
/sec 
Gf   Fraction of water generated by reaction that becomes gaseous 
F Faraday’s Constant, C/mol (amp-sec/mol) 
i Component o, w, n, H is oxygen, water vapor, nitrogen, hydrogen 
i Current density at catalyst surface, A/cm
2
 
ref
oi   Reference exchange current density, A/cm
2
 
cellI   Fuel cell current, A/cm
2
 
k ORR rate constant based on Platinum (Pt) surface, A-cm/mol 
pk  ORR rate constant for planar model, A-cm/mol 
effK  Effective proton conductivity, S/cm 
fK  Proton conductivity in ionomer fibers, S/cm 
IK   Proton conductivity in bulk ionomer, S/cm 
oK   Oxygen partition coefficient in ionomer/gas, cm
3
/mol 
YMK   Bulk modulus of ionomer-water phase, MPa 
l Ionomer layer thickness in planar model, cm 
l Cylinder center to center spacing in ideal fiber model, cm 
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cL  CCL thickness, cm 
AL  Anode catalyst layer (ACL) thickness, cm 
mL   Membrane thickness, cm 
Ptm   Platinum loading in cathode catalyst layer per area, g/ cm
2
 
PtAm   Platinum loading in anode catalyst layer per area, g/ cm
2
 
Mi Molecular weight (L and I for water and ionomer) 
n Number of electrons transferred in reaction (2 per H2O) 
an   Quantity of agglomerate spheres per CCL volume  
,
I
o rN  Radial flux of oxygen in ionomer in IFM cylinder, mol/sec-cm
2
  
G
oN  Flux of oxygen in CCL, mol/sec-cm
2
, superficial in NFM/IFM 
I
pN  Flux of protons in CCL, mol/sec-cm
2
, superficial in NFM/IFM 
G
wN  Flux of water vapor in CCL, mol/sec-cm
2
, superficial in NFM/IFM 
pN   Dimensionless flux of protons  (current) in CCL 
iN   Dimensionless flux of oxygen or nitrogen (o and n) in CCL 
P Pressure, atm 
P
o
 Pressure at CCL-GDL interface, atm 
PtC Weight fraction Pt in carbon and Platinum solid 
vP   Vapor pressure of water, atm 
r Radial coordinate for IFM cylinder or spherical agglomerate, cm 
ar   Outer radius of spherical agglomerate, cm 
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cr   Radius of inner carbon/Pt cylinder in IFM, cm 
Ir   Radius of outer ionomer cylinder in IFM, cm 
pr  Pore radius, cm 
R Gas constant, J/mol K 
conR   Resistance voltage loss per A/cm2 for interface contact, Ωcm
2
 
ORRR   Rate of water generation (ORR rate), mol/sec-cm
3
 
oR   Rate of oxygen consumption ( 2ORRR  ), mol/sec-cm
3
 
pR   Rate of proton consumption ( 2 ORRR  ), mol/sec-cm
3
 
ws   CCL ionomer swelling factor (1.10=10% swelling) 
ref
ws   CCL ionomer swelling factor at reference ORR conditions (1.1) 
iS   Rate of disappearance of protons, oxygen, water (p,o,w),  
mol/sec-cm
2
 
T Isothermal temperature of CCL, °K 
oU   Half-cell potential of reaction, V 
cellV   External (useful) PEMFC voltage, V 
ocV   Open circuit PEMFC voltage, V 
ˆ
iV   Molar volume, water (w) or ionomer (I), cm
3
/mole 
iV  Volume of gas, liquid, and void (G, L, and V) pore space in CCL 
kV   Voltage loss due to (k=) contact or membrane 
w Half of gas slit pore thickness 2w in planar model, cm 
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ix   Mole fraction component i in bulk gas 
ACH
wx  Mole fraction water vapor in anode channel 
CCH
ox   Mole fraction oxygen in cathode channel 
CCH
wx  Mole fraction water vapor in cathode channel 
X Degree of constraint for ionomer (1=fully constrained) 
z 1-D distance coordinate, cm 
a   Transfer coefficient for Butler Volmer anodic reaction 
c   Transfer coefficient for Butler Volmer cathodic reaction 
po   
Dimensionless ratio of proton conduction to ionomer oxygen 
diffusion rates 
   Surface energy of pore wall, N/cm 
w   Surface energy of water, N/cm 
  Ratio of reaction to ionomer diffusion rate, Damköhler 2
nd
 No. 
o  Mass transfer coefficient, gas film outside agglomerate, cm/sec 
oc   
Mass transfer coefficient across cathode GDL for oxygen, cm/sec 
wa  Mass transfer coefficient across anode for water vapor, cm/sec 
wc  Mass transfer coefficient across cathode GDL for water vapor, 
cm/sec 
   Volume fraction of CCL ionomer in fiber form 
c  Volume fraction of catalyst (C+Pt) phase in CCL 
G  Volume fraction of gas phase in CCL 
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I  Volume fraction of ionomer phase in CL (  
 = dry εI) 
L   Volume fraction of liquid water phase in CCL 
   Dimensionless position in CCL, cz L   
η Surface overpotential  c I oU    , V 
L  Overpotential at CCL-membrane interface (z=L), V 
ACL  Overpotential at ACL-membrane interface, V 
   Contact angle of water with surface 
   Water concentration within ionomer, moles H2O per mole acid site 
while ionomer is of free of constraint 
con   
Water concentration within ionomer, moles H2O per mole acid site 
   Electro-osmotic coefficient, water entering gas because of drag per 
proton entering CCL 
oc   
Dimensionless mass transfer coefficient for oxygen diffusion 
through cathode GDL 
wa   
Dimensionless proportionality constant for water vapor transport 
through anode from CCL 
wc   
Dimensionless mass transfer coefficient for water vapor diffusion 
through cathode GDL 
I   
Dry ionomer density, g/cm
3
 
L   
Liquid water density, g/cm
3
 
  Standard deviation of pore radius, nm 
  Tortuosity of gas diffusion 
f  Tortuosity of proton conductivity in IFM (1.0) 
i   Tortuosity of proton conduction through agglomerate ionomer 
(i=a) or nanofiber (i=f) 
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x  IFM ionomer diffusion path-length correction factor 
i  Potential of ionomer ( I ) or carbon/Pt ( c ), V 
  Thiele modulus 
   Dimensionless overpotential, b  
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